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Summary
The s o l id  s t a t e  v ib r a t io n a l  s p e c tr a  of v a r io u s  in o rg a n ic  h a lid e s  
and cyan ides a re  d isc u sse d , and th e  advantages o f s in g le - c r y s ta l  
m ethods, p a r t i c u la r ly  p o la r is e d  f a r - i . r .  r e f le c ta n c e  sp ec tro sco p y , in  
d e te rm in in g  th e  p re c is e  n a tu re  of s o l id  s t a t e  v ib r a t io n a l  e f f e c t s  are  
i l l u s t r a t e d .
S in g le - c r y s ta l  d a ta  on h a lo g en o m e ta lla te s  c o n ta in in g  is o la te d  
o c ta h e d ra l anions dem onstra te  th e  way in  w hich th e  v ib r a t io n s  of th e se  
io n s  a re  s p l i t  under th e  in f lu e n c e  o f th e  c r y s ta l  f i e l d .  The r e l a t i o n ­
sh ip  between th e  s p e c tr a  and s t r u c tu r e s  o f c ro s s - lin k e d  o c ta h e d ra l 
an ions i s  d isc u sse d , and th e  i . r .  s p e c tr a  of th e  main ty p es  of p e ro v sk ite  
c h lo r id e  (AlYDl^) s t r u c tu r e s  a re  p re se n te d . The s p e c tr a  of th e  AHgX  ^
complexes a re  r e la te d  to  th e  p resence  o f  m olecu lar HgXp u n its  in  a 
d i s to r t e d  o c ta h e d ra l environm ent.
The i . r .  s p e c tr a  of ArjMUl^ and A^MCl^ c r y s ta l s  show most of th e  
p re d ic te d  in t e r n a l  modes of the  approx im ate ly  te t r a h e d r a l  MG1£ ions 
p re se n t in  b o th . The observed s p l i t t i n g s  are  used to  e s tim a te  the 
magnitude of th e  s t a t i c  and dynamic f i e l d  e f f e c t s  in  th e se  c r y s ta l s ,  and 
to  e s ta b l i s h  th e  r e la t io n s h ip  of th e  s p l i t t i n g  of th e  fundam ental modes 
of the  t e t r a h e d r a l  an ions to  th e  degree of d i s to r t io n  in  th e  v a rio u s  
s t r u c tu r e s .  The s e le c t io n  r u le s  o p e ra tin g  in  th e  low tem peratu re  
sp ec tra , of the  ( r J M e ^ ) c o m p l e x e s  a re  in te rp r e te d  in  term s of o r ie n t­
a t io n a l  d is o rd e r in g  of th e  an io n s . The u n u su a lly  h igh  frequency  o f a  
l a t t i c e  mode in  th e  A^MGl^ complexes i s  a t t r ib u te d  to  th e  p resence of 
f r e e  c h lo r id e  io n s  in  th e se  s t r u c tu r e s .
A number of a q u o ch lo ro m e ta lla te s  p rov id e  examples o f in t e r e s t in g  
an io n s, and th e  s p e c tr a  of some o f th e se  are in v e s t ig a te d .  A band due 
to  the  s t r e t c h  of th e  long  Cu-Cl bond in  KpCuCl^. SIHpO i s  id e n t i f i e d ,  and 
th e  v a l i d i t y  of t h i s  assignm ent i s  d isc u sse d . F a r - i . r .  r e s u l t s  a re  a lso
g iven  f o r  KpFeCl^.HpO and some aquochlorom anganates.
In  o rder to  e x p la in  p e c u l i a r i t i e s  in  the  f a r - i . r .  s p e c tr a  of some 
ammonium h a lo g e n o m e ta lla te s , an a ttem p t i s  made to  determ ine th e  
sp e c tro s c o p ic  e f f e c t s  of hydrogen bonding on th e  fundam ental and l a t t i c e  
v ib r a t io n s  of th e  ammonium ion . From th e  r e s u l t s  o b ta in ed , a s e t  of 
sim ple  c r i t e r i a  f o r  th e  ro u tin e  d e te c tio n  o f hydrogen bonding in  th ese  
system s i s  proposed .
R e su lts  a re  p resen ted  f o r  a  number of cy an o m e ta lla te s , in c lu d in g  
K^Fe(CN)^. The f re q u e n c ie s  of the  bands observed in  the complex low- 
freq u en cy  re g io n  o f th e  i . r .  spectrum  o f t h i s  complex agree w e ll w ith  
th o se  c a lc u la te d  by a p u b lish ed  normal c o o rd in a te  a n a ly s is ,  and he lp  
to  re s o lv e  an am biguity  in  th e  v ib r a t io n a l  assignm en ts . The i . r .  
s e le c t io n  r u le s  f o r  the-O(CW) modes of hexacyanome t a l l  a te  ions doped 
in  KC1 c r y s ta l s  a re  used to  determ ine th e  lo c a l  environm ents of th e  
doped io n s  in  th e  l a t t i c e .
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1C hap ter 1: In tro d u c t io n
1 .1 : Aims o f th e  P re s e n t Work
The in c re a s in g  numbers o f p u b lic a tio n s  on s in g le —c r y s ta l  Raman 
s p e c tr a  which have appeared in  re c e n t y ea rs  fo llo w in g  th e  development 
o f l a s e r  so u rc e s , r e f l e c t  a growing in t e r e s t  in  s o l id  s t a t e  v ib r a t io n a l  
spectroscopy*  Over th e  same p e rio d  th e re  has, by c o n t r a s t ,  been v e ry  
l i t t l e  work done on s in g le - c r y s t a l  i . r .  sp ec tro sco p y , d e s p ite  th e  
a v a i l a b i l i t y  o f a range of s u i ta b le  in s tru m e n ta t io n . A lthough th e  i . r .  
c h a r a c te r i s a t io n  of in o rg a n ic  s o l id s  has been commonplace fo r  a co n s id e r­
ab le  tim e, i t  was only d u rin g  th e  course of th e  p re se n t work th a t  d e ta i le d  
s tu d ie s  of chem ica lly  i n t e r e s t in g  system s began to  appear in  s ig n i f i c a n t  
numbers.^
The advantages of s in g le - c r y s t a l  te ch n iq u es  a re  obvious. By u sin g  
p o la r is e d  r a d ia t io n ,  th e  v ib r a t io n s  in v o lv in g  a  p a r t i c u la r  c r y s ta l - o r ie n te d  
Raman te n so r  component or i . r .  t r a n s i t i o n  moment v e c to r  can be s e le c t iv e ly  
e x c ite d . T h is a llow s not only th e  o b se rv a tio n , in  most a n iso tro p ic  
m a te r ia ls ,  o f a  g re a te r  p ro p o rtio n  o f th e  fundam ental modes th an  can be 
re so lv ed  in  th e  "com posite" powder s p e c tr a ,  but a ls o  th e  unambiguous 
assignm ent o f each band to  a symmetry ty p e .
The u ses  of such s p e c i f i c  v ib r a t io n a l  d a ta  a re  m an ifo ld , and w i l l  
be i l l u s t r a t e d  in  th e  p re se n t work by s tu d ie s  of a  v a r ie ty  of complex 
h a l id e s  and p seu d o -h a lid es . These a re  fo r  th e  most p a r t  in v e s t ig a te d  
by f a r - i . r .  r e f le c ta n c e  measurements on s in g le  c r y s ta l s ,  to g e th e r  w ith  
some Raman work, a lthough  in  some cases  co n v en tio n a l powder methods are  
found to  be adequate . The f a r - i . r .  reg io n  (d e fin ed  here  m ainly fo r  
p r a c t i c a l  reaso n s  as th e  re g io n  below 400 cm"-' ) ,  as w e ll as covering  
the  range o f most M-X v ib r a t io n s ,  i s  of p a r t i c u la r  i n t e r e s t  in  th a t i t  
re v e a ls  low -energy  f e a tu re s  such as l a t t i c e  modes which a re  p e c u l ia r  to
2th e  s o l id  s t a t e .
The aim of th i s  work i s  not p r im a r ily  th a t  of assignm ent o f the  
bands observed to  p a r t i c u la r  in t e r n a l  c o o rd in a te s . A ccepted "group 
fre q u e n c ie s "  have g e n e ra lly  been used f o r  th i s  purpose, ^ a lthough  
p o la r i s a t io n  d a ta  p rov ide  a  pow erful method of v e r ify in g  or m odifying 
th e se  r a th e r  u n re l ia b le  g e n e ra l is a t io n s .  In  c e r t a in  fav o u rab le  c a se s , 
th e  p o s s ib le  symmetry co o rd in a te s  a re  s u f f i c i e n t ly  r e s t r i c t e d  to  perm it 
alm ost ab i n i t i o  assignm ents, bu t u su a lly  some assum ptions a re  necessary .
V ib ra tio n a l  sp ec tro sco p y  i s  no t in  g e n e ra l p a r t i c u la r ly  w ell s u ite d  
f o r  th e  d e te rm in a tio n  of c r y s ta l  s t r u c tu r e s ,  bu t where s u f f ic ie n t  s p e c tr a l  
d a ta  a re  a v a i la b le ,  th e  h ig h ly  s p e c i f i c  s e le c t io n  ru le s  o p e ra tin g  can 
sometimes be used to  d i f f e r e n t i a t e  betw een a  few p o s s ib le  s t r u c tu r e s .
T h is  may lead  to  th e  d e te c tio n  o f e r r o r s  or th e  r e s o lu t io n  of am b igu ities  
in  th e  X -ray d i f f r a c t io n  r e s u l t s .  However, sp e c tro sc o p ic  methods do 
have an im portan t c o n tr ib u tio n  to  make in  th e  s tudy  o f d iso rd e red  system s, 
and examples w i l l  be d iscu ssed  in  w hich th e  i . r .  s p e c tr a  can be used to  
in v e s t ig a te  o r ie n ta t io n a l  d is o rd e r in g  of m olecu lar or complex io n ic  u n its  
in  c r y s ta l l in e  m a te r ia ls .
The p r in c ip a l  j u s t i f i c a t i o n  f o r  th e  d e ta i le d  exam ination o f c r y s ta l  
s p e c tr a  stem s from  the in fo rm atio n  they  p rov ide on th e  dynamic p ro cesses  
o c c u rrin g  in  th e  s o l id  s ta tes  Qf p a r t i c u la r  i n t e r e s t  here a re  th e  r e l a t io n ­
sh ip s  between s p e c tr a  and the  s t r u c tu r e s  o f v a rio u s  co o rd in a te  groupings 
p re se n t in  th e  c r y s ta l s ;  the  e f f e c t s  which a n is o tro p ic  p o te n t ia l  f i e ld s  
have on th e  v ib r a t io n s  of the  polyatom ic groups; and th e  way in  which 
th e  v ib r a t io n s  of th e  in d iv id u a l groups couple to  produce th e  c r y s ta l  
modes. Some a t te n t io n  w i l l  a ls o  be g iven  to  th e  n a tu re  of th e  l a t t i c e  
v ib r a t io n s  in  c e r t a in  system s.
1 .2 : Theory
L a t t i c e  dynam ics: In  a c r y s ta l  made up of N u n it  c e l l s  each
c o n ta in in g  n atom s, th e re  a re  a  t o t a l  o f 3nN deg rees of freedom , or
3nM-6 non-zero  s o lu tio n s  o f the  eq u a tio n s  of m otion. These v ib ra t io n s
or phonons may be regarded  as s ta n d in g  v/aves in  th e  c r y s ta l ,  d e riv e d  by
d i f f e r e n t  phase com binations of d isp lacem en ts  in  each u n it  c e l l .  For
a  m acroscopic c r y s ta l ,  N i s  v e ry  la rg e ,  and th e  range of phase com binations
of any p a r t i c u l a r  u n it  c e l l  v ib r a t io n  becomes e f f e c t iv e ly  con tinuous,
form ing 3n phonon "b ran ch es”. The phase r e la t io n s h ip s  a re  most convenient'
l y  exp ressed  in  r e c ip ro c a l  space by th e  phonon w ave-vecto r k , d e fin ed  as
k = 1.1
where X i s  th e  phonon w avelength . Because of th e  p a r t i c u l a t e  n a tu re  of
c r y s ta l s ,  k tu rn s  out to  be a c y c l ic  param eter, th e  v a lu es  0 ^ \ k |4  V a
(where a  i s  th e  p r im itiv e  t r a n s l a t io n  o f th e  l a t t i c e  in  th e  re le v a n t
d ir e c t io n )  b e in g  r e p re s e n ta t iv e  of a l l  p o s s ib le  w av e-v ecto rs. The
v a lu es  k = mark th e  l im i t s  in  r e c ip ro c a l  space of th e  re g io n  known 
a
as the  f i r s t  B r i l lo u in  zone.^
In  p r in c ip le ,  the  f re q u e n c ie s  o f th e  v a r io u s  b ranches as a fu n c tio n  
o f w ave-vecto r can be computed by so lv in g  th e  s e c u la r  d e te rm in an ts  
a r i s in g  from  the eq uations  of m otion. There a re  two types of s o lu tio n :  
one in  which ^ -* 0  as k -*0 , and ano ther in  w h ic h t e n d s  to  some f i n i t e  
v a lu e  as k -»0 . The form er re p re s e n ts  th e  d is p e rs io n  curve of an 
a c o u s tic  b ranch , which a t zero  w ave-vecto r (ze ro  phase d if fe re n c e  between 
u n it c e l l s )  corresponds to  a  pure t r a n s l a t io n  o f th e  c r y s ta l .  The
second type  of d is p e rs io n  curve belongs to  an o p t ic a l  b ranch . In  o rd er
to  conserve momentum in  photon-phonon in te r a c t io n s ,  the  f i r s t - o r d e r  
t r a n s i t io n s  observed by b o th  i . r .  and Raman sp ec tro sco p y  are  confined  tb  
th e  zone c e n tre  ( i . e .  k«sO) because of the com paratively  very  long wave­
le n g th s  o f e x c i ta t io n  used in  each case . Only o p t ic a l  modes are
th e re fo re  observed fo r  c r y s ta l s  of normal u n it  c e l l  dim ensions ( in  th e  
o rder of 10A).
Group th e o ry  ap p lied  to  c r y s ta l  v ib r a t io n s : Because of the
r e s t r i c t i o n  o f f i r s t - o r d e r  i . r .  and Raman a c t iv i t y  to  zone c e n tre  modes, 
a  f u l l  account of th e  s p e c tr a  i s  g iven  by c o n s id e ra tio n  of the v ib ra t io n s  
o f a  s in g le  u n it  c e l l .  These a re  c l a s s i f i e d  acco rd ing  to  th e  symmetry 
o f the c r y s t a l 's  f a c to r  group, which com prises a l l  the symmetry elem ents 
o f the  p r im itiv e  u n it c e l l ,  and i s  isomorpnous w ith  one of th e  c r y s ta l lo -  
g rap h ic  p o in t groups.
The method of f a c to r  group a n a ly s is  was was developed by Bhagavantam 
and V enkatarayudu1' and l a t e r  d e sc r ib e d  by M itra  and G ielisse-5 . Prom 
an exact knowledge of th e  type of s i t e  occupied by each atom, th i s  method 
p e rm its  th e  d e r iv a tio n  o f th e  i r r e d u c ib le  re p re s e n ta tio n s  fo r  a l l  of the 
u n i t  c e l l  modes. The com putations re q u ire d  are  r a th e r  te d io u s , bu t 
th e  p roceedure has r e c e n t ly  been g r e a t ly  s im p lif ie d  by th e  in tro d u c tio n  
o f a s e t  of ta b le s  developed by Adams and Newton.^ These g ive the  
i r r e d u c ib le  re p re s e n ta t io n s  fo r  each s e t  of Wyckoff^ s i t e s  in  a l l  230 
space groups. Table 1 .1 , i l l u s t r a t e s  th e  use of th e se  ta b le s  fo r  the  
t r ig o n a l  A^MP  ^ com plexes, and p ro v id es  a key to  th e  symbols to  be used 
th roughou t th i s  work. The re p re s e n ta t io n s  f o r  each s e t  of occupied 
s i t e s  ( f i r s t  th re e  rows) and fo r  th e  r o ta t io n s  of the  polyatom ic groups 
(R) a re  tak en  d i r e c t ly  from th e  ta b le s .  Summation of th e  f i r s t  th re e  
rows g iv es  th e  symmetry c l a s s i f i c a t i o n  of a l l  th e  degrees of freedom 
of th e  p r im it iv e  u n it  c e l l  (N). ..cThe in t e r n a l  modes of the polyatom ic 
groups (N^) are  d e riv ed  by s u b tr a c t io n  o f R and (T + Ta) , th e  l a t t e r  
com prising  only th e  t r a n s l a t io n a l  r e p re s e n ta t io n s  f o r  d is c r e te  u n its  
( in  th i s  case th e  caesium  c a tio n s  and an io n s) . The a c o u s tic  modes
g
(Ta) a re  determ ined  by re fe re n c e  to  the  a p p ro p ria te  c h a ra c te r  ta b le .
S h o r t ly  a f te r  Adams and Newton p u b lish ed  th e se  ta b le s ,  which a lso
5T able 1 ,1 : Example of th e  use o f th e  ta b le s  o f Adams and Newton^ fo r
th e  f a c to r  group a n a ly s is  of th e  t r ig o n a l  complexes.
Space group: -  No,3d 164 (z  = 1)
P o in t group:
D3d
A. A_ E A, A0 E
1g 2g g 1u 2u u
M ( |a ) 1 1 (1)
A (?c ) 1 1 1 1 (2)
F (6 i) '2 1 3 1 2 3 (3)
< l)+ (2 )+ (3 ) = N 3 1 4 1 4 5 (4)
( 0  + (2) = T + Ta 1 1 2 2 (5)
Ta 1 1 (6)
(5 ) - ( 6 )  = T 1 1 1 1 (7)
R 1 1 (8)
( 4 ) - ( 5 ) - ( 8) = N. 2 2 1 2 3 (9)
S e le c t io n  ru le s  - Raman: Kig
2x + 2 2 ■ y 5 z I . r :  A2u z
E ( g v
2x -■ y2> *y)> Eu (*,y)
(x z ,y z)
N -  t o t a l  number of zo n e-cen tre  (k = 0) modes 
Ta= a c o u s tic  modes ( t r a n s la t io n s )
T = t r a n s la to r y  l a t t i c e  modes
R = r o ta to r y  l a t t i c e  modes ( in  complexes w ith  s tru c tu re d  c a tio n s  
and an io n s , th e se  a re  denoted andlR_ re s p e c t iv e ly )
N^= in t e r n a l  modes o f po lyatom ic groups
in c lu d e  a  s e t  of v e c to r  re p re s e n ta t io n s  en ab lin g  a  d e s c r ip t io n  of th e  
c r y s t a l  modes in  term s of in t e r n a l  c o o rd in a te s , Boyle^ d escrib ed  an eq u a lly  
conven ien t "method o f ascen t in  symmetry". This i s  in  f a c t  a  refinem en t 
o f p roceedu res  w hich have been in  use fo r  some t i m e . ^  S ince  th e  two 
methods appear to  be e q u iv a le n t in  most r e s p e c ts ,  no f u r th e r  d e s c r ip t io n  
o f Boyle * s method need be given  h e re .
The re c e n t  developm ents in  th e  group th e o re t ic a l  a n a ly s is  of c r y s ta l  
v ib r a t io n s  have to  some e x te n t obscured th e  d if fe re n c e  between th e  
f a c to r  group method of Bhagavantam and V enkatarayudu^ and the a l te r n a t iv e  
s i t e  group a p p ro a c h .o r ig in a lly  proposed by H a lfo rd ^  to ..account fo r  th e  
modes of d is c r e te  polyatom ic groups in  c r y s ta l s  in  term s of th e i r  s i t e  
symmetry. I t  was l a t e r  shown th a t th is  s i t e  group approxim ation could
be m odified  to  in c lu d e  the  c o r r e la t io n  of the  v ib ra t io n s  of a l l  polyatom ic
A 2groups an  the  u n it  c e l l ,  g iv in g  r e s u l t s  eq u iv a len t to  th e  f a c to r  group 
p re d ic t io n s  fo r  th e  in te r n a l  modes. This method has th e  advantage of 
showing c le a r ly  th e  r e la t io n s  between the  fundam ental modes of the  
i s o la te d  polyatom ic group and the c r y s ta l  modes deriv ed  from them, as 
i l l u s t r a t e d  by the  ty p ic a l  c o r re la t io n  diagram  in  Table 4 .2 . C oncep tually ,
th e  v a r io u s  s ta g e s  in  t h i s  p roceedure a re  analogous to  th e  p h y s ica l
p ro c e sse s  a f f e c t in g  s p l i t t i n g  of th e  c r y s ta l  modes. The p o te n t ia l
12energy of a  harmonic o s c i l l a t o r  may be re p re se n te d  by equ a tio n  1 .2 , 
where Y° i s  th e  p o te n t ia l  energy of th e  in d iv id u a l f r e e  m olecule or
V = £ (T °+ V .) +£ £ v ij+  Y1+v x . 1.2
3 3. 1
io n , and V- i s  th e  p e r tu rb a tio n  due to  th e  p o te n t ia l  f i e l d  of the  
3
c r y s t a l ,  which may give r i s e  to  s i t e  group or s t a t i c  f i e ld  s p l i t t i n g  
o f th e  d eg en era te  v ib ra t io n s  of the  f re e  io n , as w e ll as being  re sp o n s ib le  
f o r  th e  frequency  s h i f t s  observed in  going from l iq u id s  or gases to  th e  
condensed phase . The main c o n tr ib u tio n  to  the dynamic couriLing
re p re se n te d  by the  term  comes from the  in te r a c t io n  Of modes of the  
same type in  t r a n s l a t io n a l ly  non -eq u iv a len t ions w ith in  th e  u n it c e l l ,  
w hich ta k es  th e  form of c o r r e la t io n  f i e l d  s p l i t t i n g  in  the  c r y s ta l  
s p e c tr a .  The l a s t  two terms a re  th e  p o te n t ia l  energy of th e  l a t t i c e  
modes and the in te r a c t io n  of l a t t i c e  and in te r n a l  modes r e s p e c t iv e ly .
S e le c tio n  r u le s :  At th e  fo o t of Table 1.1 a re  g iven th e  s e le c t io n
r u le s  f o r  Raman and i . r .  a c t iv i t y ,  taken  from th e  c h a ra c te r  ta b le  of 
th e  a p p ro p r ia te  p o in t group. These a re  in  th e  form of th e  te n so r 
components o f th e  p o l a r i s a b i l i t y  and the t r a n s i t io n  moment v e c to rs  of 
th e  a c t iv e  r e p re s e n ta t io n s ,  expressed  in  term s of th e  c ry s ta l lo g ra p h ic  
d i r e c t io n s .  Modes of a p a r t i c u la r  symmetry can th e re fo re  be s e le c t iv e ly  
e x c i te d  by s u i ta b le  p o la r i s a t io n  of th e  in c id e n t r a d ia t io n  (and of the  
s c a t te r e d  r a d ia t io n  fo r  th e  Raman s p e c tr a ) .  For in s ta n c e , in  the 
c r y s t a l s ,  th e  Raman s c a t t e r in g  observed w ith  b o th  in c id e n t and c o lle c te d  
beam p o la r is e d  p a r a l l e l  to  th e  hexagonal (z) ax is  would invo lve only 
modes, and a  s im i la r ly  p o la r is e d  i . r .  beam would e x c i te  only A ^  modes.
I . r .  r e f le c ta n c e  s p e c tr a ; These d i f f e r  from  ab so rp tio n  s p e c tra  in  
th a t  the  r e f r a c t iv e  index h as w e ll as th e  e x t in c tio n  c o e f f ic ie n t  k 
p la y s  an im portan t p a r t  in  de term in ing  th e  form of th e  bands. Taking 
th e  example of a  system  w ith  a s in g le  harmonic o s c i l l a to r  w ith  a 
d is p e rs io n  frequency VQ, th e  d is p e rs io n  o f the  in c id e n t r a d ia t io n  obeys 
e q u a tio n  1 .3 , where 6  and ^  are  th e  s t a t i c  and h ig h  frequency  d i e l e c t r i c
fc = 1- 3
c o n s t a n t s . p 0r  i . r .  e x c i ta t io n ,  the  d isp e rs io n  frequency  Of th e  v ib r a t ­
io n  and the  frequency  of the  tra n s v e rs e  o p tic  (TO) mode (V .^) a re  th e  
same. At normal in c id en ce , th e  r e f l e c t i v i t y  R i s  g iven  by
R = ( n - l ) 2/ ( n + l ) 2 1 .^
The ex p ress io n s  1 .3  and 1 .^  show th a t  as th e  frequency in c re a s e s  towards
th e  d i e l e c t r i c  co n stan t and th e  r e f r a c t iv e  index n = 6 2 a lso  in c re a se
8u n t i l  a t th ey  tak e  i n f i n i t e  v a lu es  and th e  c r y s ta l  becomes t o t a l l y  
r e f l e c t i n g .  Im m ediately above & becomes n eg a tiv e  and i n f i n i t e ,  
n i s  im aginary , and R = 1 u n t i l  the frequency  \) = i s
reach ed , above which 6  i s  p o s i t iv e  and n r e a l ,  and th e  r e f l e c t i v i t y  
d ro p s . The freq u en cy  ^  i s  in  f a c t  th a t  of th e  lo n g itu d a l o p tic  
(LO) mode.
The above tre a tm e n t does not succeed in  a c c u ra te ly  d e sc r ib in g  th e  
form  of observed r e f l e c t i v i t y  bands. This can be rem edied by in tro d u c ­
in g  damping of th e  o s c i l l a t o r ,  so  th a t  exp ress io n  1.4- becomes
■d _ ( n - j ) 2 + k2 1 .5
(n-Kl)2 +- k2
T h is  has th e  e f f e c t  of reducing  the  maximum r e f l e c t i v i t y  to  f r a c t io n a l  
v a lu e s ,  depending on th e  degree of damping. R eflec ta n ce  bands can 
n e v e r th e le s s  s t i l l  be regarded  as re g io n s  of more or l e s s  h igh  r e f l e c t i v i t y  
betw een th e  l im i t s  and The harmonic approxim ation has th e
advantage o f o f fe r in g  a sim ple ex p lan a tio n  of the  complex n a tu re  of the 
s p e c tr a  f o r  system s w ith  more th an  one o s c i l l a t o r  of s im ila r  f r e q u e n c y .^  
F o r in s ta n c e ,-  th e  appearance of a weak o s c i l l a t o r  ly in g  between th e  TO 
and LO fre q u e n c ie s  of a s tro n g e r  o s c i l l a t o r  as an in v e rs io n  in  the
r e f le c ta n c e  band of th e  l a t t e r  can r e a d i ly  be understood in  term s of th e
d is p e r s io n  in  the  d i e l e c t r i c  c o n s ta n t.
The fo reg o in g  d isc u ss io n  i l l u s t r a t e s  th a t  fo r  s p e c tr a  co n ta in in g  
broad bands, the  o s c i l l a to r  fre q u e n c ie s  a re  b e s t determ ined by d isp e rs io n  
a n a ly s is  o f th e  r e f l e c t i v i t y  d a ta . T his can be done using  ex p ressio n s 
1 .6  and 1 .7 , where r  = R2 and 6 i s  th e  phase d if fe re n c e  between th e  
in c id e n t and r e f le c te d  r a d i a t i o n .1^ 6anay be d eriv ed  from th e  Kram ers- 
K ronig  r e l a t i o n  1 .8 .
n = (1 - r 2) /  (1 + r2-2 r  cos 0) 1 .6
k = 2r s in  € / ( l+ r 2- 2 r  cos 0) 1 .7
The r e a l  and im aginary  p a r ts  of th e  d i e l e c t r i c  c o n s ta n t , and c" are 
r e la te d  to  n and k by th e  ex p ress io n s
=  n ^  +• 1 . 9
£* = 2nk 1 .10
From th e  v a r ia t io n  of th e  p aram eters , th e  freq u en c ie s  of th e  TO modes 
can be determ ined . For u n ia x ia l  c r y s ta l s ,  th e  e x tra o rd in a ry  and 
o rd in a ry  ra y  s p e c tr a  (w ith  th e  e l e c t r i c  v e c to r  o f th e  in c id e n t r a d ia t io n  
r e s p e c t iv e ly  p a r a l l e l  and p e rp e n d ic u la r  to  th e  unique a x is )  are  analysed  
s e p a ra te ly .
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C hapter 2; Complexes C o n ta in ing  D is c re te  or C ro ss-lin k ed  
O ctah ed ra l A nions
2 .1 :  rn tro d u c t io n
O ctah ed ra l c o o rd in a tio n  i s  commonly found among th e  h a lo g en o m eta lla te s .
The s t r u c tu r e s  of many A^M^X  ^ complexes may be fo rm a lly  re p re se n te d
as cu b ic  or hexagonal c lo se  packed a rray s  of A and X atoms, w ith  M
atoms occupying a  p ro p o rtio n  of those  o c tah ed ra l i n t e r s t i c e s  surrounded
by s ix  X atoms. Depending on the exact arrangem ent of th e  occupied
" h o le s ’*, t h i s  can g ive  r i s e  to  e i th e r  d is c r e te  or c ro s s - lin k e d  o c tah ed ra l
an io n s . Examples of the l a t t e r  in c lu d e  fa c e -s h a r in g  d im eric  io n s ,
i n f i n i t e  cha in  or s h e e t- l ik e  s t r u c tu r e s ,  or a  com plete th ree -d im e n sio n a l
netw ork o f l in k e d  an ions.
The a b i l i t y  of the f lu o r id e  ion  to  s t a b i l i s e  h ig h e r co o rd in a tio n
numbers makes h ex a-c o o rd in a tio n  p a r t i c u la r ly  common among th e  f lu o ro -
m e ta l la te s .  S te r i c  requ irem en ts  in  c e r ta in  c h lo r id e s , n o tab ly  complexes
2-of the  type A/^MOl^, favour a  te t r a h e d r a l  arrangem ent of th e  1^1^ io n s ,
and in  g en e ra l t h i s  c o n f ig u ra tio n  becomes more im p o rtan t, bu t by no means
u n iv e rs a l ,  in  th e  chem istry  of th e  c h lo ro m e ta lla te s .
A la rg e  number of sp e c tro sc o p ic  s tu d ie s  have been made of s o lid s
c o n ta in in g  MXg” io n s ,^~ 3  but th e  m a jo r ity  of th e se  have the  h ig h ly
sym m etric K^PtClg s t r u c tu r e ,^  T his i s  p a r t i c u la r ly  u n in te re s t in g
from  th e  p o in t of view  o f s o l id  s t a t e  v ib r a t io n a l  e f f e c t s ,  s in c e  the
p o in t symmetry of the  is o la te d  io n , i t s  s i t e  group and the  c r y s ta l
f a c to r  group a re  a l l  isom orphous, and th e  s e le c t io n  ru le s  of the
is o la te d  ion  s t i l l  apply . Among th e  s t r u c tu r e s  of low er symmetry, few
2 3r e s u l t s  have been in te rp re te d  in  term s of f a c to r  group s p l i t t i n g .  
C onsiderab le  a t te n t io n  has a ls o  been given to  th e  s p e c tr a  of th e  
com plete ly  c ro s s - l in k e d  cub ic  p e ro v sk ite  f l u o r i d e s , ^  w h ile  o th e r
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b rid g ed  s t r u c tu r e s  have been le s s  th o rough ly  in v e s t ig a te d ,  and a re  
conseq u en tly  im p e rfe c tly  understood .
In  th i s  c h a p te r , a few examples of is o la te d  and p a r t i a l l y  c ro s s -  
lin k e d  o c ta h e d ra l anions w i l l  be d isc u sse d , le a v in g  th e  trea tm en t of 
th e  p e ro v s k ite - ty p e  s t r u c tu re s  to  C hapter 3*
2 .2 : Complexes C on ta in ing  I s o la te d  O ctahedral Anions
A2MF6 Complexes: The A2jMF£ complexes (A = Rb, Cs; M =• T i, Z r, Hf;
K^TiI15) adopt th e  t r i g o n a l^  — ^3iFg s t r u c tu r e  w ith  space group
P3m1 (D |d) (Z = 1) ,  and co n ta in  alm ost re g u la r  o c tah ed ra l an ions on D-^
Q
s i t e s .  These appear to  be f la t te n e d  somewhat along the  t r ig o n a l  ax is  
in  th e  zireon ium  and hafnium complexes and, i f  any th ing , s l i g h t ly  elongated  
in  K2TIF6. S in ce  th e  s i t e  symmetry i s  isomorphous w ith  th a t  of the  
u n i t  c e l l ,  th e  s i t e  group approxim ation w i l l  apply  in  th e se  system s.
The e f f e c t  o f the  re d u c tio n  in  symmetry on the normal modes of the  anion
i s  shown in  Table 2 .1 . A part from the  removal of th e  r e s t r i c t i o n  on
th e  i . r .  a c t i v i t y  of one component of the  only change expected in  
th e  s o l id  s t a t e  spectrum  i s  th e  s p l i t t i n g  of each t r i p l y  d egenera te  0^ 
mode in to  a  non-degenera te  and doubly degenera te  component, r e f le c t in g  
th e  a n iso tro p y  of the  p o te n t ia l  f i e l d  in  the c r y s ta l .  F a c to r  group 
a n a ly s is  a lso  p r e d ic ts  a  number of t r a n s la to r y  and ro ta to ry  l a t t i c e  
modes given by re p re s e n ta tio n s  2.1  and 2 .2  r e s p e c t iv e ly .
^ tr a n s l  -  A1g + Eg *  A2u * Eu 2 *1
p  , = A„ + E^ 2 .21 r o t  2g g
Lane and Sharp have p re v io u s ly  observed most of th e  s i t e  group 
s p l i t t i n g  o f th e  0^ modes in  the powder i . r .  and Raman s p e c tr a  of th e se  
c o m p l e x e s . ^ N a tu ra l ly ,  th i s  trea tm e n t d id  not allow  th e  d e te rm in a tio n
of th e  r e l a t iv e  o rd er of th e  A and E components, which i s  of some in t e r e s t  
in  a s s e s s in g  the in f lu e n c e  of th e  s t a t i c  c r y s ta l  f i e l d  on th e  v ib ra t io n s
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T able 2 .1 : V ib ra tio n s  o f th e  MFg io n s  in  th e  complexes.
F ree  ion  C ry s ta l
°h  D3d
0 l -i( M-F> A1g — 4 A1g
>)? 'O(M-P) E-------- -------> E
^ g S
^3 F1 » l  .
^ 4  6(M- F) Fm  J
V  6(M-F) P2g — 4 A1g+E g
^ 6  S(M-P) P2u — » A1 u + Eu
s e le c t io n  r u le s :  Raman A^g x + y  , z i . r ;, 2 2 
(x * y
(x z ,y z)
f  , x y ), E (x ,y )
2u
Su
o f th e  an ion . The p re se n t work th e re fo re  re-exam ines th e  s p e c tr a  of a 
few examples from  t h i s  group by s in g le  c ry s ta l  techn iques in  o rder to  
e s ta b l i s h  more f u l l y  th e  p a t te rn  of s p l i t t i n g  of th e  0^ modes.
R e s u lts :  The i . r .  and Raman freq u en c ie s  of th e  c r y s ta l s  examined
a re  given in  Table 2 .2 . I n te r p r e ta t io n  of the  p o la r i s a t io n  d a ta  in  
th e  Raman s p e c tr a  was s tra ig h tfo rw a rd , th e  only p o in t worthy of comment 
b e in g  th e  absence of the  ^  band fo r  a l l  of the complexes, as found by 
th e  p rev io u s  s tudy . The fre q u e n c ie s  of these  have been c a lc u la te d  a t 
about 2f50 cm"  ^ from  com bination ban d s.^  For th e  p o la r is e d  i . r .  s p e c tra ,
o b se rv a tio n  of the  Ar^ modes re q u ire d  reasonab ly  la rg e  ac face s  of th e  
c r y s t a l s ,  which were p re se n t only in  Cs2TiFg and Rb2ZrFg. The la rg e r  
c r y s ta l s  of K^TiFg and Cs2HfF^ grew as p la te s  normal to  th e  c a x is , so 
th a t  fo r  th e se  only  th e  Eu spectrum  could be reco rd ed , and the  A2U
14
Table 2 .2 ; S in g le - c r y s ta l  i . r .  and Raman freq u en c ie s  (cm~^) fo r  
some ApMEV complexes.
K2T iJg CSgTiPg Rb2ZrF6 Cs2HfF6
618 604 589 592 A1g
- - - - Eg ■°2
615 590
572
537
522
(493) a
E “ u
A2u b
315
(281)
508
276
240
192
( 217)
(184)
Eu
A2u
CO 
0 
0 
0 290
258
244
257
267
A1 g 'b
- - - Eu ^ 6
138 90 90 83 E 1 g
82 72 74 69 Eg l a t t i c e
85 - 73 58 A.1g >• modes
136
(122)
108
80
98
92
(87)
Eu
2u
a
f re q u e n c ie s  in  p a ren th eses  a re  taken  from i . r .  t r a n s ­
m ission  s p e c tr a .
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f re q u e n c ie s  had to  be taken  from the  powder tran sm iss io n  sp e c tra .
T his meant th a t  the  fre q u e n c ie s  of th e  A2u components of ^  could not 
be f ix e d  w ith  any accuracy  in  th e se  c a se s . Even when A2li sP® ctra were 
a v a i la b le ,  th e  >^(A2u-Eu) s p l i t t i n g  was r a th e r  u n c e r ta in  because of th e  
b re a d th  of th e  bands. No evidence fo r  th e  band rep o rte d  by Lane
and Sharp  could  be found fo r  any of the  complexes examined.
W ith th e  ex cep tio n  of the ^6  modes, the  v ib r a t io n a l  spectrum
of th e  A2ME,6 system s i s  now f a i r l y  w e ll e s ta b l is h e d , a l l  of th e  o ther 
bands having been observed fo r  Rb2ZrFg. Erom th e  fre q u e n c ie s  given 
in  Table 2 .2 , th e  bending mode ^  would appear to  be a f fe c te d  most by 
a n iso tro p y  o f th e  p o te n t ia l  f i e l d ,  w ith  r e s u l ta n t  A2U-EU se p a ra tio n s  of 
30-50 cm”^ . The s p l i t t i n g  of i s  le s s  than 20 cm“^ , and about 10 cm"^ 
fo r  A ll  of th e  complexes show a s im i la r  p a t te r n ,  w ith  Eu>A2u fo r
and and Ag>Eg fo r  which su g g es ts  th a t  th e  t r ig o n a l  d is to r t io n
o f th e  o c ta h e d ra l anion i s  in  the same sense in  each.
I^C d C ^ : The s t r u c tu r e  of K^CdCl^ b ea rs  some resem blance to  th a t
o f th e  A2MF6 com plexes, bu t th e  CdCl^“ ions are  tw is te d  s l i g h t ly  about 
th e  C-^  a x is ,  g iv in g  a pseudocubic rhombohedral u n it c e l l  w ith  space 
group R3c (D^d) (Z -  2) in  which th e  anions are  on C^i  (Sg) s i t e s . 9 
The c o r r e la t io n  diagram  fo r  th e  v ib ra t io n s  of the  0^ ions (Table 2 .3 ) 
re v e a ls  the  unusual s i tu a t io n  of c o r r e la t io n  coupling  between c r y s ta l  
modes of th e  same symmetry. A lso , th e  in a c tiv e  fundam ental
becomes fo rm ally  i . r .  a c t iv e  under the  s i t e  symmetry of the anion. The 
t r a n s la to r y  and r o ta to r y  l a t t i c e  modes of th e  c r y s ta l  derived  by f a c to r  
grouo a n a ly s is  a re  g iven by the  r e p re s e n ta t io n s  2,3 ana 2.4- re s p e c t iv e ly ,  
f’ tr a n s  = Aig  +■ 3A2g .* 4Eg ^  2A1u * 3A2u + 5SU 2*^
Pr o t  3 A 1 g ^  A2g + 2 B g 2#4
com pleting th e  v ib r a t io n a l  p re d ic t io n s  fo r  th is -  s t r u c tu r e .  The only
i . r .  in v e s t ig a t io n  of t h i s  complex made so  f a r  extended down to  200 cm ,
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Table 2 .3 : C o rre la tio n  diagram  fo r  th e  complex anions in  K, CdCl^
6(space group D ^ ) .
A c tiv i ty  
R
R
i . r .  (z) 
i . r .  (x ,y )
bu t f a i l e d  to  observe any b a n d s .^
R e s u lts :  The p o la r is e d  i . r .  r e f le c ta n c e  s p e c tr a  and Raman
s p e c tr a  o f K^CdCl^ showed th e  bands l i s t e d  in  Table 2 .4 . A lthough 
a ttem p ts  were made to  o b ta in  p o la r is e d  Raman d a ta , the  e x tin c tio n s  of 
th e  observed l in e s  were very  poor, due presum ably to  the  in c o rp o ra tio n  
of g ro ss d e fe c ts  in  th e  c r y s ta l s  du rin g  ra p id  growth. The symmetry 
sp e c ie s  given fo r  th e  g modes in  Table 2 .4  are  th e re fo re  la rg e ly  
i n t u i t i v e ,  and th e  i n t e n s i t i e s  are  taken  from th e  s tro n g e s t l in e s  
observed among th e  s e t  of s p e c tr a  reco rd ed .
C onsidering  th e  Raman s p e c tr a  f i r s t  of a l l ,  one a c t iv e  component of ^ , 
two of Vg and th re e  of ^  a re  p re d ic te d . Assuming th a t th e  f e a tu re s  
below 110 cm correspond to  l a t t i c e  modes, fo u r bands due to  the  
i n t e r n a l  v ib r a t io n s  of the  an ions are  observed, of which th e  h ig h e st 
may be ass ig n ed  im m ediately to  \h  The rem aining th re e  are  in  th e  C
C ry s ta l
T able 2
T able 2.
17
,4: I . r .  and Raman fre q u e n c ie s  (cm ) o f K. CdCl,.
if o
232 vs
A1g
210 ms Eu
180 v s ,b r A2u
161 s Eu
157 s Kig
148 w Eu
133 ms Eg
125 ms E
g
132 s
A2u
125 vs Eu
116 w A02u
103 vw Su
103 m
Aig
89 w % u
77 w A
68 w A.1g
60 s A2u
or 5 4
^5
A  "  **
4
^ 6
or l a t t i c e  mode
> la t t i c e  modes
or E.
5: F a r - i . r .  r e f le c ta n c e  f re q u e n c ie s  (am"*1) fo r  K^TlGlg.2H20.
2u
247
218
15?
128
Eu
295
230
158
142
115
72
^  (T lC l|~ )
H^O t r a n s l a to r y  modes
l a t t i c e  mode
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bending  re g io n , and t h e i r  sp ac in g  su g g es ts  th a t  th e  low er two 
c o n s t i tu te  the  E g ( ^ )  c o r r e la t io n  d o u b le t. A gain, no t r a c e  of th e  
s?2 bands could be re so lv e d . S in ce  th e se  m issing  bands a re  expected  
ju s t  below  , the  o b se rv a tio n  o f th e  p re d ic te d  number of modes in  the 
bending  reg io n  confirm s th e  assignm ent of the  l a t t i c e  modes.
The assignm ents of th e  th re e  p re d ic te d  A2U in t e r n a l  modes in  the  
i . r .  spectrum  a re  lik e w is e  f a i r l y  obvious, bu t th e  Eu spectrum  poses a 
number of problem s. T h is should com prise th e  th re e  0^ modes ^  
and each s p l i t  i n to  a  c o r r e la t io n  d o u b le t. The bands a t 210 and 
125 cm”  ^ a re  e v id e n tly  components of ^  and ^  r e s p e c t iv e ly ,  bu t the 
s tro n g  161 cm*"^  band could  be assigned  to  e i th e r  of th e se . I f  i t  i s  
tak en  to  be th e  o th e r  component o f then  the second ^  mode i s  p laced  
a t 148 cm~1 , w h ile  th e  a l t e r n a t iv e  assignm ent p u ts  a t 161 cnf^ and
A
one of th e  modes a t  148 cm" . W hichever scheme i s  adopted , th e re  
a re  s p l i t t i n g s  of th e  0^ fundam entals of a t l e a s t  36 cm""', a p p a re n tly  
due to  c o r r e la t io n  co u p lin g . S in ce  t h i s  seems un reasonab ly  la rg e ,,  i t  
i s  perhaps more r e a l i s t i c  to  a t t r i b u t e  the  p a t te rn  of th e  E^ bands to  
some form  o f m ixing o f th e  s t r e tc h in g  and bending modes. Because of 
th e se  u n c e r ta in t ie s ,  i t  i s  not p o s s ib le  to  e s ta b l i s h  d e f in i t e ly  the  
r e l a t i o n  o f the sequence of s p l i t t i n g  in  K^CdCl^ w ith  th a t  of th e  
■^2 ^ 6  com plexes, a lthough  th e  ^  and \^_ fre q u e n c ie s  o f th e  c h lo rid e  
seem to  in d ic a te  th e  same o rder in  b o th .
K^TICI^.2HqQ: An e a r ly  s t r u c tu r e  d e te rm in a tio n  proposed space
group IhJramm (d££) fo r  th i s  complex w ith  a  p r im itiv e  u n it  c e l l  c o n ta in in g  
seven o c ta h e d ra l T lC l^" ions on and s i t e s . ^  T his le ad s
to  th e  p r e d ic t io n  of seven A2U in te r n a l  modes ( th re e  components of 
and and one of and tw enty-one Eu in te r n a l  modes (seven from  each 
o f ^  • ^^e number of bands observed in  the  p o la r is e d  i . r .
s p e c tr a  (Table 2 .5 ) f a l l s  f a r  sh o rt of th i s  t o t a l ,  a lthough  i f  the
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band in  th e  A ^  spectrum  (from  th e  C2k ion ) i s  assumed to  be weak, th e  
c o r re c t  number o f bending  modes a re  observed , which tend  to  confirm  
t h i s  r a th e r  unusual s t r u c tu r e .
An in t e r e s t in g  f e a tu r e  of th e  s p e c tr a  i s  th e  p resence  of th re e  
bands a t  about 230 cm due to  th e  t r a n s la to r y  modes o f th e  non­
co o rd in a ted  " l a t t i c e "  w a te r  m olecu les. These have approx im ate ly  th e  
same energy as th e  e q u iv a le n t v ib r a t io n s  in  ic e .  ^
2 .3 : Complexes C o n ta in ing  C ro ss-lin k e d  O ctahedra
KgMgF^-type S t r u c tu r e s : A number of complex f lu o r id e s ,  in c lu d in g
13 )K2CoP2f, ^  as w e ll as a  few c h lo r id e s  such as C sgG dC l^ ,^  adopt th e
te tr a g o n a l  KrjMgF^ s t r u c tu r e ,  w ith  space group I2j/mmm = 2 ) ^ .
The d iv a le n t  m eta l atoms a re  surrounded by s ix  ha lagens. Four of
th e se  form  b r id g in g  bonds, which g en era te  i n f i n i t e  c ro s s - l in k e d  la y e rs
p e rp e n d ic u la r  to  th e  te tr a g o n a l  a x is ,  s e p a ra te d  by th e  c a tio n s  and
n o n -b rid g in g  halogens; th e  te rm in a l M-X bonds are  c o l in e a r  w ith  the
te t r a g o n a l  a x is .  There i s  only  one fo rm ula u n i t ,  and hence one la y e r ,
in  each p r im it iv e  u n it  c e l l  (as opposed to  th e  body-cen tred  c ry s ta l lo g ra p h ic
c e l l ) .  These la y e rs  re p re s e n t  a  tw o-dim ensional model of the  com plete ly
c ro s s - l in k e d  cub ic  p e ro v s k ite  s t r u c tu r e  (see  C hapter 3)»
The r e s u l t s  of a  f a c to r  group a n a ly s is  of th e  KrJlgF^ s t r u c tu re  
a re  g iven  in  Table 2 .6 . Three of th e  Eu modes are  e q u iv a le n t to  the  
F^u modes o f th e  p e ro v s k ite s ,  w h ile  th e  B2u mode has a c o u n te rp a r t in  
th e  in a c t iv e  F2u v ib r a t io n .  The v ib r a t io n a l  s p e c tr a  of th e se  system s 
a re  obv iously  of co n s id e ra b le  i n t e r e s t ,  bu t only one study  has p re v io u s ly
A C.
been re p o r te d , in  which th re e  bands in  th e  i . r .  spectrum  of K2CdF^ 
were vaguely  a t t r ib u te d  to  v ib ra t io n s  of a  te t r a h e d r a l  ion  and a  l i b r a -  
t io n a l  mode of w ate r. From a com parison of th e  fre q u e n c ie s  w ith  those  
of th e  p re se n t work, th e  sample p u r i ty  was e v id e n tly  even low er than  th e
20
17T able 2 .6 : F a c to r  group a n a ly s is  o f th e  K ^gP ^  s t r u c tu r e  ( C ^ ) .
A, „ A„ B B„2g 1g 2g Bg A1u A2u B1 u B2u Eu
N 2 2 1 5
T 1 1 1 1
Ta 1 1
N.X 1 1 2 1 3
1 1
6(M-X)t 1 1
^(M-X)b 1
S(M-X)b 1 1 1
I . r .  a c t i v i t y  z (x ,y )
T ab le  2 .7 i I * r .  r e f le c ta n c e  bands (cm ) of CsgCdCl^ s in g le  c r y s ta l s .
.3CM
<
Eu
233 o  ( c a - c i ) b
220 ^ (G d -C l) t
130 s  (Cd-Cl)
u
131 115 &( c a - c i ) b
80 92 l a t t i c e  modes
a u th o rs  su sp ec ted .
R e s u lts :  The i . r .  s p e c tr a  of I^CdF^ and Cs2CdCl^ were examined in
th e  range of the  fundam ental v ib r a t io n s .  The p o la r is e d  re f le c ta n c e  
s p e c tr a  o f s in g le  c r y s ta l s  of th e  cadmium s a l t ,  each c o n ta in in g  th e  
p re d ic te d  number of bands, a re  shown in  F ig . 2 .1 . The only am biguity  
in  th e  assignm ent of th e se  concerns the  two Eu bending modes. The 
form  of the spectrum  su g g es ts  th e  p resen ce  of a weak o s c i l l a t o r  ju s t  above 
th e  s tro n g  115 cnT* band, g iv in g  an in v e rs io n  in  r e f l e c t i v i t y  a t about
_-j
130 cm . The assignm ents given f o r  th e se  in  T able 2 .7  a re  based on 
o b se rv a tio n s  made f o r  KgCdP^.
The on ly  c r y s ta l s  of th e  f lu o r id e  a v a i la b le  were th in  (00 l) 
p l a t e s ,  from which only  th e  Eu spectrum  could  be reco rded  by r e f le c ta n c e .  
T h is  showed bands a t 145* 240 and 437 cni-  ^ and was alm ost id e n t ic a l  in  
form  to  th e  spectrum  of th e  p e ro v sk ite  KCoF^*^ which has bands a t 144*
238 and 438 cm“ ^. I t  i s  th e re fo re  reaso n ab le  to  a ss ig n  th e  th re e  
observed bands to  th e  b r id g in g  Co-F s t r e t c h  and bend, and th e  l a t t i c e  
mode. The fo u r th  mode, th e  te rm in a l Co-F bend, was not observed. I t  
i s  on th e  im plied  weakness of t h i s  mode th a t  the  assignm ent of th e  two 
Eu bending modes in  Cs2CdCl^ i s  b ased . The powder tra n sm iss io n  spectrum  
of ^ C o F ^  showed l i t t l e  change from  th a t  of th e  Eu r e f le c ta n c e  spectrum , 
which i s  r e a d i ly  understood  in  te rm s .. o f o v e r la p . of the  Agy bands by th e  
presum ably  s tro n g e r  Eu bands.
The s im i la r i ty  of th e  s p e c tr a  o f K^CcF^ and KCcF^, and of t h e i r  
a 0 u n i t  c e l l  dim ensions (4 . 074A and 4 . 071A in  KgCdF1^  and KCoF^ r e s p e c t iv e ly *  
in d ic a te s  th a t  th e  r e p re s e n ta t io n  o f the  c ro s s - l in k e d  la y e rs  in  the  
A2MX4 complexes an ’’tw o-dim ensional p e ro v s k ite s ” majr have more than 
m erely  a  d e s c r ip t iv e  v a lu e . I t  would, in  f a c t ,  be rea so n ab le  to  assume 
th a t  th e  fo rc e s  a c t in g  w ith in  th e se  la y e r s  a re  th e  same as in  th e  c o r re s ­
ponding th re e  d im ensional s t r u c tu r e s ,  so  th a t  th e  r e s u l t s  of normal
22
f
R
4.0 400 cm-1
F ig u re  2 ,1 : S in g le - c r y s ta l  i . r ,  r e f le c ta n c e  s p e c tr a  of CsgCdCl^;
e l e c t r i c  v e c to r  p a r a l l e l  (dashed l in e )  and p e rp e n d ic u la r  ( s o l id  
l i n e )  to  c - a x is .
f
R
^0 ifOO cm-1
F ig u re  2 .2 : S in g le - c r y s ta l  i . r .  r e f le c ta n c e  s p e c tr a  o f Rb^Cr^Cl^ 
( s o l id  l i n e  -  E X c j dashed l i n e  -  E l l c ) .
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7co o rd in a te  an a ly se s  o f th e  p e ro v s k ite s  should  rem ain v a l id  fo r  th e  Eu
b r id g in g  modes in  th e  com plexes. This allow s a more q u a n t i ta t iv e
u n d ers tan d in g  of the  v ib r a t io n s  of th e  la y e r  s t r u c tu r e s .
A lthough the  assignm ent of th e  A2U modes of Cs2CdCl^ i s  f a i r l y  
unambiguous, th e  r e s u l t  i s  a t f i r s t  s ig h t  somewhat s u rp r is in g ,  s in c e  
th e  te rm in a l Cd-Gl s t r e t c h in g  mode i s  p laced  below the  Eu b r id g in g  s t r e t c h , ,  
w hich i s  th e  re v e rs e  of th e  o rder assumed in  most sy stem s."^  However,
t h i s  can be r a t i o n a l i s e d  by c o n s id e rin g  th e  bond le n g th s .  In  the  complexes
fo r  which s u f f i c i e n t l y  a c c u ra te  d a ta  a re  a v a i la b le ,  1 19 th e  te rm in a l 
and b r id g in g  bonds a re  of alm ost th e  same le n g th , im ply ing  r a th e r  weak 
co v a len t in t e r a c t io n  in  th e  form er. This p robab ly  a p p lie s  a lso  to  
Cs2CdCl^ and and would ex p la in  the  r e l a t i v e l y  low frequency  of
th e  te rm in a l M-X s t r e tc h in g  modes. The p ic tu r e  which emerges f o r  th i s  
s t r u c tu r e  i s  th e re fo re  one o f c ro s s - lin k e d  la y e rs  w ith  a  s im i la r  bonding 
scheme to  th e  AMK^  com plexes, w ith  weakly bonded te rm in a l halogens p r o je c t ­
in g  above and below  each la y e r .  The fre q u e n c ie s  of th e  two modes in v o lv in g  
th e se  n o n -b rid g in g  atoms a re  more com patible w ith  th e  s t r e tc h in g  and 
bending v ib r a t io n s  of weakly co v a len t bonds, r a th e r  than the l a t t i c e  modes 
r e s u l t in g  from  a  pu re  io n ic  in t e r a c t io n .
Rb^CrpClo and CsxTlpCl^: The J^C l^-  io n , made up of two fa c e -
s h a r in g  o c tah ed ra , i s  s t r u c t u r a l l y  in te rm e d ia te  between the  is o la te d
Y,,,
o c ta h e d ra l MXg ion  and th e  i n f i n i t e  chain  l i k e  s t r u c tu r e s  found in  the  
hexagonal AMX^  com plexes. The a l k a l i  m etal s a l t s  c o n s t i tu te  a sm all 
range of c lo s e ly  r e la te d  s t r u c tu r e s ,  w hich d i f f e r  from one an o th er only 
in  th e  d e ta i le d  packing arrangem ents, a p a r t from  K^llfgCl^, w hich co n ta in s  
g en u in e ly  d is to r te d  W2C1^“ io n s . F or example, C s^C ^C l^ and C s^T ^C l^ 
a re  re p o rte d  to  have b im o lecu la r u n it c e l l s  w ith  space groups P£yW ic 
(D ^ )  and R3c (D ^ ) r e s p e c t iv e ly ,20* 21 w hile  CsyiSgCl^ has space group 
P321 (D2) (Z = l ) . 22 A h ig h er symmetry s t r u c tu re  has been p ro p o sed 2^
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fo r  Cs^Fe^Gl^j bu t t h i s  p la c e s  th e  atoms on s i t e s  inco m p atib le  w ith  
th e  symmetry o f th e  is o la te d  io n . The s t r u c tu r e  of Rb^C^Cl^
has not been e s ta b l is h e d ,  bu t s in c e  th e  po tassium  and caesium  s a l t s
a re  i s o s t r u c t u r a l , 22*- i t  i s  l i k e ly  th a t  t h i s  too  has th e  S tru c tu re .
T ab le  2 .8  g iv es  th e  approxim ate forms of th e  normal v ib r a t io n s ,  of 
th e  M2C1^“ io n , and th e  re p re s e n ta t io n s  under which they  appear in  th e  
v a r io u s  s t r u c t u r a l  ty p e s . For the sake of c l a r i t y ,  th e  in te rm e d ia te  
s i t e  group modes have been om itted ; in  the  chromium s a l t  th e  s i t e  
symmetry i s  th e  same as th a t  o f th e  f r e e  anion in  any case , w hile in  
th e  th a ll iu m  and a rs e n ic  com plexes, th e  c e n tre  of g ra v ity  of th e  anions 
l i e s  on s i t e s ,  so th a t  th e  s i t e  group modes may be derived  from th e  
f r e e  io n  modes m erely by removal of th e  s u p e rs c r ip te d  prim es.
The powder i . r .  and s in g le  c r y s ta l  Raman s p e c tr a  of CS2T I2CI2
have been re p o r te d  by B e a t t ie  e t a l , ^  and th e i r  r e s u l t s  can be s a t i s ­
f a c t o r i l y  in te rp r e te d  acco rd in g  to  the s t r u c tu r e  c i te d  above.
R e s u lts :  The bands observed in  th e  i . r .  r e f le c ta n c e  s p e c tr a  of
R b^C ^C l^ an& C s^T ^C l^  w ith  th e  in c id e n t r a d ia t io n  p o la r is e d  p a r a l l e l
and p e rp e n d ic u la r  to  the  hexagonal axes of the  c r y s ta l s  a re  l i s t e d  in
T able 2 . The s p e c tr a  of th e  th a lliu m  complex were s im ila r  in  form
to  th o se  of th e  chromate shown in  F ig . 2 .2 . The bands f a l l  in to  s e v e ra l
groups which can be assigned  i n t u i t i v e ly  to  th e  te rm in a l or b rid g in g
v ib r a t io n s .  The bands observed fo r  K^T1C1^.2H20 (S ec tio n  2 .2 ) were
tak en  in to  account in  a ss ig n in g  th e  v ib ra t io n s  of C s^T ^G l^. The low
—1in te n s i ty  o f th e  bands in  th e  re g io n  150-190 cm in  F ig . 2 .2  i s
/
unexpected , and may be connected w ith  the  absence o f th e  second E 
b r id g in g  mode in  th e  x -p o la r is a t io n .
The most s t r ik in g  f e a tu re  of th e  s p e c tr a  of Rb3Cr201^ i s  th e  
p resen ce  of two te rm in a l Gr-Cl s t r e tc h in g  modes in  th e  x -p o la r is e d  
spectrum . S ince  the  h ig h er of th e se  i s  undoubtedly the  weakly
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T ab le  2 .8 : Approximate d e s c r ip t io n s  of th e  anion modes in  th e  v a r io u s
A^Is^Cl^ s t r u c tu r e s .
F ree  ion  
D3h
Cs3Cr2C l9
<D6h)
Cs3T12C19
&>|d)
Cs^ASgCl^
x> (m- cx) t
G (M -Cl)b 
S (M -C l)t
y < A . + Bc 1g 2u A. + A„  1g 2u A1
S (M -ci)b ;
(M -Clj). tw is t A2 A2g + B1u A2g + A2u A2
0 (M-Cl)t
S (M -C l)t
'J‘ (l4-Cl)b a >
/
E E2g + B1u Eg + E u E
N)‘(M-Gl)b
(M-Cl3) t  wag
(M-Cl,)^. tw is t
/I
B2g + A1u A1g + A1u A1
s>(M-Cl)t
S (M -C l)t ► A2 B1g + A2u A2g + A2u A2
s)'}M-Cl)b
-J (M-Cl)t
S (M-Cl) 
W -G lj) t  wag
►
it
E E , + E_ 1g 2u Eg + V E
a th e  ^'(M -Gl)^ modes invo lve bo th  s t r e tc h in g  and bending  o f the  
M-Cl-M bonds.
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“1T able 2.9s F req u en c ies  (cm ) of r e f la c ta n c e  bands in  th e  i . r .  s p e c tr a  
o f Rb^Ch^Cl^ and C s^T ^C l^  c r y s ta l s .
P o la r i s a t io n :
Rb3Cr2C l9
355
263
185
152
80
59
x ,y
375
362,
237
195
84
58
cs3t i 2c i9
281
213
186
101
65
x ,y
277
268
216
180
141
116
89
60
■O(M-Cl) t
b rid g e  modesa  
S (M-Cl)t  
(M-Cl^) tw is t  
(M-Cl3) t  wag
l a t t i c e  infljies and 
b r id g e  bends
m ain ly  M-Cl-M s t r e t c h
d ip o le  a c t iv e  E mode of th e  anion causin g  an in v e rs io n  in  th e  s tro n g e r
E mode, the  s t r u c tu r e  of th e  chromium s a l t  cannot p o s s ib ly  be D ^ ,  whidh 
/
would a llow  only E modes in  th i s  spectrum . T his conclusion  i s  supported  
by th e  o b se rv a tio n  of one more z -p o la r is e d  band than i s  p re d ic te d  f o r  
th e  Dgk s t r u c tu r e .  The a l te r n a t iv e  space group cjfr s u g g e s te d ^  fo r
1/
Cs^Cr2Cl^ would remove th e  anomaly of the  E mode, but would a lso  be 
expected  to  g ive  doubling  of the bands in  th e  z -p o la r is a t io n .  However, 
a l l  bands in  the  s p e c tra  can be assigned  s y s te m a tic a lly  on th e  b a s is  of 
e i th e r  th e  CS3T12C19 or Gs^AsgCl^ s t r u c tu r e s ,  w ith  due reg a rd  to  the 
expected  in t e n s i t i e s  of th e  v a rio u s  modes. In  p r in c ip le ,  a t l e a s t ,  
a  cho ice  between th e  E^d and forms could be made w ith  th e  he lp  of 
a c c u ra te  Raman s p e c tra .
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On th e  assum ption th a t  the  rubidium  and caesium  s a l t s  a re  i s o s t r u c t -  
u r a l ,  th e se  r e s u l t s  c a s t  s e r io u s  doubts on the  accuracy  of th e  accepted  
s t r u c tu r e  of C s^C ^C l^ , even though a f a i r l y  d e ta i le d  X -ray  s tu d y  has 
r e c e n t ly  proposed th i s  same s t r u c tu r e  fo r  a  number o f o th e r c o m p le x e s .^  
A lthough i t  would be unwise to  overem phasise th e  s ig n if ic a n c e  of th e  
s p e c tro sc o p ic  r e s u l t s ,  d i f f r a c t io n  methods o fte n  have d i f f i c u l t y  in  
d i f f e r e n t i a t i n g  between c lo s e ly  s im ila r  s t r u c tu r e s ,  and the number of 
d i f f e r e n t  A^l^Cl^ s t ru c tu re s  may tu rn  out to  be few er than  proposed a t 
p re s e n t .
2.4s E xperim en tal
C ry s ta ls  of th e  complexes were p repared  by ev ap o ra tio n  or
c o o lin g  of s a tu ra te d  so lu tio n s  of th e  a p p ro p ria te  a l k a l i  m eta l f lu o r id e  
and t r a n s i t i o n  m etal oxide in  co n cen tra ted  h y d ro flu o ric  a c id . The 
c r y s ta l s  grew m ainly as p la te s ,  w ith  some r o d - l ik e  prism s in  th e  case 
o f and Cs2TiFg. Twinning was p re v a le n t among th e  p r ism a tic
c r y s ta l s ,  and care  had to  be taken in  s e le c t in g  s u i ta b le  fa c e s  fo r  
sp e c tfo sc o p ic  exam ination.
K^CdCl^ r a p id ly  formed la rg e  bu t im perfect rhom bohedral c r y s ta l s  on 
c o o lin g  of an aqueous s o lu tio n  c o n ta in in g  a  6:1 molar r a t i o  of KCl:CdCl2* 
Some sm all fa c e s  p a r a l l e l  to  the  th re e fo ld  ax is  were p re s e n t ,  which 
w ere used as a  guide in  g rin d in g  fa c e s  of s u i ta b le  s iz e .
A la rg e  c r y s ta l  of Cs2CdCl2f (m.p: 473C) was grown from th e  m elt
by th e  S to ck b a rg e r method, s t a r t i n g  from  a m ixture of the  pure anhydrous
26 °c h lo r id e s .  A phase t r a n s i t io n  a t  444G d id  not p rev en t th e  growth 
o f a good q u a l i ty  c r y s ta l .  T h is could be cleaved  w ith  extrem e ease 
a long  (0 0 l)  p la n e s , but c a re fu l  g rin d in g  and p o lish in g  of a  (100) face  
was re q u ire d . A ttem pts to  p rep a re  K^CoF^ in  a s im ila r  manner gave 
only  sm a ll, f la k y  c r y s ta l s .  Growth from a  KC1 f lu x  gave p la te s  of
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in c re a se d  a re a , but the  th ick n ess  was in s u f f ic i e n t  fo r  re c o rd in g  th e  
p o la r is e d  r e f le c ta n c e  spectrum .
Both C s-jT^Cl^ and K^TlCl^.ZHgO were p repared  by slow ev ap o ra tio n  
o f aqueous s o lu tio n s  of the  c o n s ti tu e n t  c h lo r id e s .  The caesium  s a l t  
grew as n e e d le - l ik e  hexagonal p rism s, and th e  h y d ra te  as re c ta n g u la r  
p rism s. A la rg e  melt-grow n c r y s ta l  o f R b^C^Cl^ w ith  good ( l!0 0 )  cleavage 
fa c e s  was su p p lie d  by J .  D. B lack of th e  C hem istry D epartm ent, Glasgow 
U n iv e rs ity .
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C hapter 3: P e ro v s k ite - ty p e  AMX^  Complexes
3 .1 : In tro d u c t io n
A wide v a r ie ty  of ox ides and h a lid e s  of form ula AMKj adopt 
s t r u c tu r e s  made up of c lose-packed  AX^  la y e rs  in  w hich near-n e ig h b o u r 
A c a tio n s  a re  avoided, w ith  M ions in  o c tah ed ra l i n t e r s t i c e s  surrounded 
by s ix  X an io n s. These s t ru c tu re s  a re  s ta b le  only w ith in  c e r ta in  
l im i t s  of io n ic  r a d i i  concerned, as expressed  by the  Goldschmidt to le ra n c e  
f a c to r  ( t ) , ^  d efin ed  in  equation  3*1. P e ro v s k ite - ty p e  s t ru c tu re s  a re
t  = ( r a  +■ r x) / V 2 ( rm + r x ) 3.1
found to  be s ta b le  f o r  to le ra n c e  f a c to r s  in  th e  range  0 .8  to  1 .0 . The
exac t v a lu e  o f t  w ith in  th e se  l im i t s  appears to  determ ine th e  p a r t i c u la r
s t r u c t u r a l  m o d ifica tio n  to  be adopted.
I f  the  th re e  p o ss ib le  phases of th e  c lo se-packed  AX  ^ la y e r s  a re
denoted a ,b  and c , then v a rio u s  s ta c k in g  arrangem ents g iv in g  r i s e  to  a
s e r ie s  of r e la te d  s t r u c tu re s  may be env isaged . The re p e a t sequence 
abcabc, f o r  in s ta n c e , g ives e x c lu s iv e ly  cub ic  c lo se -p a ck in g , as found 
in  th e  cub ic  p e ro v sk ite  s t r u c tu r e ,  w hile  th e  sequence abab g e n e ra te s  
a  hexagonal l a t t i c e  w ith  a tw o -lay e r re p e a t u n it (denoted 2L). V arious 
in te rm e d ia te  s t ru c tu re s  w ith  d i f f e r in g  r a t i o s  of cub ic  to  hexagonal 
s ta c k in g  are  p o s s ib le ,  bu t in  f a c t  only th re e  o th e rs  have so f a r  been 
encountered  among the  AMX-^  complexes. The main f e a tu re s  o f th e se  a re  
l i s t e d  in  Table 3 .1 . No examples of the  L& s t r u c tu r e  have been 
e s ta b l is h e d  f o r  the h a lid e s .
The g en e ra l arrangem ent of th e  c ro s s - lin k e d  o c tah ed ra  su rround ing  
each M atom f o r  th e  v a rio u s  s t ru c tu re s  i s  shown in  P ig . 3 .1 . In  th e  
2L form , th e  o c tah ed ra  form l i n e a r ,  fa c e -sh a r in g  ch a in s  along th e  hexagonal 
a x is ,  w ith  no co n tac t between chain s. As the  r a t i o  of cubic s ta c k in g  
o f th e  AX-j la y e rs  in c re a se s  on going to  the 9L, l+L and 6L form s, the  degree
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of c ro s s - l in k in g  of th e  cha in s by co rn e r sh a rin g  becomes p ro g re s s iv e ly  
g r e a te r ,  u n t i l  in  the  cub ic  p e ro v sk ite  s t r u c tu r e  each octahedron  sh a re s  
c o rn e rs  w ith  s ix  o th e rs . W ithin th e  p e rm itted  range of to le ra n c e  
f a c to r s  th e  low er v a lu es  u su a lly  favour cubic s ta c k in g  of th e  AX  ^ la y e r s ,  
w h ile  th o se  near the  upper l im i t  are  a sso c ia te d  w ith  a h igh  p ro p o rtio n  
o f hexagonal c lo se -p a ck in g . Thus CsMnCl^ has the  %  s t r u c tu r e ,  w h ile  
RbMnCl^, f o r  which t  i s  sm a lle r , adopts the  6L form, and CsCoCl^, w ith  
a h ig h e r t  v a lu e  due to  the  decreased  io n ic  ra d iu s  of th e  d iv a le n t m e ta l, 
has the  2L s t r u c tu r e .  The adherence to  th i s  em p irica l r u le  dem onstrated  
by th e  type compounds given in  Table 3.1 may r e s u l t  p a r t ly  from  a  
fo r tu n a te  cho ice of examples. The concept of to le ra n c e  f a c to r s  cannot 
be as r ig o ro u s ly  app lied  to  the  c h lo rid e s  as , f o r  in s ta n c e , in  th e  case 
of th e  f lu o r id e s ,  because of th e  g re a te r  p o l a r i s a b i l i t y  of th e  c h lo rid e  
io n s .
F o r t  v a lu es  of about 0 .8 , a number of d is to r t e d  orthorhom bic and 
te tr a g o n a l  s t r u c tu re s  e x is t  fo r  th e  AMCl  ^ compounds,^ presum ably derived
T able 3 .1 : P e ro v sk ite  s t r u c tu r e s .
Type compound C sF bC l*3
KblfaCl,3 BaJMhO^
CsMnCl^ CaCoCLj
Space group 
Z
Pm3m
K)
1
P6y^mmc 
6
T6^im c
(D6h>
if
R3m
3b
P67/mmc
<4»
2
S ta c k in g abc abcacb abac ababcbcac ab
N o ta tio n cubic 6L ifh % 2L
t  v a lu e 0.82 0.89 - 0 .95 0 .98
R eferen ces 2 ,8 If, 6 5 3 , if 7
a  h igh  tem perature forms 
p r im itiv e  u n it  c e l l
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(a) (b)
2/3 c
(C) ( d ) (e)
F ig u re  3 .1 : C ro s s - l in k in g  o f th e  anion netw ork in  (a) cu b ic , (b) 2L,
(c) 6L, (d) 4^ and (e) 9L p e ro v sk ite  s t r u c tu r e s  (p ro je c tio n s  normal 
to  hexagonal a x is ) .
3±
from  th e  cub ic  p e ro v sk ite  s t r u c tu r e  by d i s to r t io n  or tw is t in g  of th e  
c o rn e r -s h a r in g  oc tah ed ra . D e ta ile d  s t ru c tu re  d e te rm in a tio n s  of th e se  
d is to r t e d  forms have been confined  to  th e  analogous f lu o r id e  and oxide 
s y s t e m s . 1^
The d if fe re n c e s  in  s t e r i c  requ irem en ts and e l e c t r o s t a t i c  en e rg ie s  
between th e  v a rio u s  p e ro v sk ite - ty p e  s t ru c tu re s  a re  r e l a t i v e l y  s m a l l ,11 
and th e re  are  a number of examples of polymorphism under ambient co n d it io n i?  
In  a  l a r g e r  number of c a se s , sm all changes in  p re ssu re  or even tem peratu re^  
a re  s u f f ic ie n t  to  induce tran sfo rm a tio n s  to  polym orphic form s. High 
p re s su re  s t r u c tu r a l  s tu d ie s  have been c a r r ie d  out on a number of f lu o r id e s  
and o x id es, 1'1» 1^ as w ell as on CslvlnCl^ and RbMnOl Both of th e se
tran sfo rm  a t  m oderately  high p re s su re s  to  th e  cub ic  s t r u c tu r e ,  th e  change 
p roceed ing  v ia  th e  6L form in  the  case of GsMnCl^.
A part from  th e  obviously  in t e r r e la te d  group of s t r u c t u r a l  m o d ifica tio n s  
d esc rib e d  above, th e re  a re  a number of s im ila r  s t r u c tu r e s  which are  
d is t in g u is h a b le  from th e se  p e ro v sk ite s  in  some re s p e c t .  The exac t
atom ic arrangem ent in  NMe^MnCl^, fo r  in s ta n c e , i s  d i s t i n c t  from th a t  
of any of the  a lk a l i  m etal complexes, a lthough  th e re  are  c lo se  s im i la r ­
i t i e s  w ith  the  2L fo rm .1 1^" The s t r u c tu re  of CsCuCl^ lik e w ise  co n ta in s  
ch a in s  of fa c e -sh a r in g  o c ta h e d ra ,1^ th e  symmetry being  lowered in  t h i s  
case  by the  J a h n -T e lle r  d is to r t io n  of th e  copper ions* C e r ta in  AHgX  ^
complexes are  a lso  c la s s i f ie d  as p e ro v s k ite s ,^ ’ 1 1 ^ ^  a lthough  th i s  
d e s c r io t io n  takes  no account of th e  n a tu re  of th e  bonding w ith in  th e  
c r y s ta l s .  A ll o f th e se  system s c o n s t i tu te  s p e c ia l  c a se s , and w i l l  be
t r e a te d  s e p a ra te ly .
The p re sen t work makes use of the  s t r u c tu r a l  v a r ie ty  o f th e  AMX^
compounds to  in v e s t ig a te  the  e f f e c ts  of changes in  s t r u c tu r e  on th e  
v ib r a t io n a l  s o e c tra . There is  in  any case a need fo r  v ib r a t io n a l  d a ta  
on th e  hexagonal m o d ifica tio n s  of the  p e ro v sk ite  s t r u c tu r e ,  which have
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so  f a r  been la rg e ly  n e g le c te d . These d a ta  a re  prov ided  by a  d e ta i le d  
exam ination  o f th e  i . r .  and, in  some c a se s , Raman s p e c tr a  of examples 
from  each s t r u c t u r a l  type .
3 .2 : R e p re se n ta tiv e  P e ro v sk ite  S tru c tu re s
The i . r .  s p e c tr a  of th e  cub ic  p e ro v sk ite  oxides and f lu o r id e s  have
been e x h a u s tiv e ly  s tu d ie d , ^  and normal co o rd in a te  a n a l y s i s ^
e s ta b l is h e d  th e  v ib r a t io n a l  behaviour in  th ese  system s. Some d is to r te d
90s t r u c tu r e s  have a lso  been examined, ^  bu t th e  su c c e s s fu l in t e r p r e ta t io n
of t h e i r  s p e c tr a  depends on the  degree of s im i la r i ty  w ith  th o se  of the
cubic form s. P r io r  to  the  commencement of the p re sen t work, the
p u b lish e d  v ib r a t io n a l  d a ta  on th e  hexagonal t ru c tu re s  c o n s is te d  of th e
s in g le - c r y s t a l  i . r .  tra n sm iss io n  (>200 cm "^)^  and Ram an^ s p e c tr a  of th e
6L RbNiP^. S ince  th en , re p o r ts  of th e  s in g le - c r y s ta l  i . r . ^
Raman^4" s p e c tr a  o f CsMriF  ^ (ag a in  6L), th e  i . r .  tra n sm iss io n  s p e c t r a ^
of th e  polym orphic m o d ifica tio n s  of CsNiF^ and RbNiF-^, and th e  powder
Raman spectrum  of CsNiCl^ have appeared.
In  th e  p re sen t work, th e  i . r .  and, in  some c a ses , Raman s p e c tr a  of
a  com prehensive range of AMX^  s t r u c tu r e s ,  m ostly  c h lo r id e s ,  were
examined. P o la r is e d  s in g le - c r y s ta l  d a ta  were ob ta ined  where p o s s ib le .
The r e s u l t s  of t h i s  study  are  given below fo r  each s t r u c t u r a l  ty p e .
Cubic p e ro v sk ite  s t r u c tu r e s : The sim ple cub ic  p e ro v sk ite s  w ith
space group Pm3m (0^) (Z = l )  a re  much le s s  common among the  AMCl  ^ complexes
th a n  f o r  th e  corresponding  f lu o r id e s  or o x i d e s .  ^ A few examples a re
2
known, such as th e  h igh  tem peratu re form  o f CsPbCl^ and one of th e
27polym orphs o f CsCdClj. This s t ru c tu re  has fo u r t r i p l y  d egenera te  
modes o f v ib r a t io n  given by re p re s e n ta tio n  3*2. These com prise one
r  = 3F-JU + p 2u ^*2
F1u M-Cl s t r e t c h ,  F1u and P2u Cl-M-Cl bending modes and an F1u l a t t i c e
mode. Only th e  F>|U v ib ra t io n s  a re  i . r ,  a c t iv e ,  and th e re  i s  no 
f i r s t - o r d e r  Raman spectrum .
The cub ic v a r ie ty  of CsCaCl^ could only be p rep ared  from  s o lu t io n  
as v e ry  sm all c r y s ta l s ,  and some of th e  hexagonal form was always 
p re s e n t .  I t  was n e v e rth e le ss  p o s s ib le  to  a t t r i b u t e  two bands a t  108 
and 240 cm  ^ in  th e  i . r .  tra n sm iss io n  spectrum  to  th e  cub ic  form by 
com parison w ith  th e  spectrum  of the  m elt-grown 6L m o d ific a tio n . These 
bands can be assigned  to  the bending and s t r e tc h in g  v ib r a t io n s  of th e  
c ro s s - l in k e d  complex an ions, which i s  c o n s is te n t w ith  s im ila r  a s s ig n ­
ments fo r  0320101^ as d iscussed  in  C hapter 2 .3 .
Above 47°C, CsPbCl^ adopts th e  cubic p e ro v sk ite  s t r u c tu r e .  The 
h ig h  tem pera tu re  i . r .  r e f le c ta n c e  spectrum  showed only  one very  s tro n g , 
b road  band ex ten d in g  upwards from 40 cm“1 w ith  a  maximum a t 150 cmT^  and
A
a sh arp  c u t -o f f  a t about 220 cm . At room tem p era tu re , t h i s  compound 
i s  re p o r te d  to  have a  te tra g o n a l s t r u c t u r e , w i t h  space group Pi+mm
-j
(C^v) (Z = 1) .  The exact atom ic p o s it io n s  are not f irm ly  e s ta b l is h e d ,
10bu t a re  thought to  be s im ila r  to  those of PbTiO-^, d eriv ed  by e lo n g a tio n  
o f th e  cub ic  u n it c e l l  in  one d ir e c t io n ,  w ith  th e  le ad  atoms d isp la c e d  
out of th e  p lane of th e  fo u r  eq u iv a len t c h lo r in e s . Such a  s t r u c tu r e  
should  have th e  v ib r a t io n a l  modes given  by r e p re s e n ta t io n  3 .5 . The 
A^  and E modes are  bo th  i . r .  and Raman a c t iv e ,  and in c lu d e  two Pb-C l
r = 3A1 + B + 4E 3 .3
s t r e t c h in g  modes, w hile the B-j v ib ra t io n  i s  a c t iv e  only in  th e  Raman.
The i . r .  spectrum  of th e  te tra g o n a l s t r u c tu r e  i s ,  in  f a c t ,  v i r t u a l l y  
i d e n t i c a l  to  th a t  of the cubic form, but fo u r  bands were observed in  
th e  f i r s t - o r d e r  Raman spectrum  a t 115> 169j 181 and 200 cm"^. The 
l a s t  th r e e  o f th e se  f a l l  in  expected reg io n  fo r  Pb-C l s t r e tc h in g  modes. 
The absence of corresponding  reso lv ed  fe a tu re s  in  th e  i . r .  spectrum
p o
su g g es ts  th a t  the f e r r o e l e c t r i c  p ro p e r tie s * 0 of t h i s  phase may be
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a f f e c t in g  i t s  d i e l e c t r i c  response  to  i . r .  r a d ia t io n .  The appearance 
of th re e  s t r e tc h in g  bands in  the  Raman spectrum  may be due to  s p l i t t i n g  
o f th e  lo n g itu d in a l  and tra n sv e rse  components of one of th e  modes by 
th e  e l e c t r i c  f i e l d  a s so c ia te d  w ith  th e  and 2 v i b r a t i o n s , 2^ bu t might 
a ls o  in d ic a te  a more com plicated  s t r u c tu re  w ith  a  l a r g e r  u n it c e l l  f o r  
th e  la v  tem peratu re  form.
6L s t r u c t u r e : There are  two examples of c h lo rid e s  adop ting  th e  6L
s t r u c tu r e ,  namely R b ^ d ^ ’ ^ and th e  hexagonal form of C s C d C l^ 0 The 
r e s u l t s  of a f a c to r  group a n a ly s is  of t h i s  s t r u c tu r e  a re  g iven in  Table 
3 .2 a , In  a r r iv in g  a t th e  number of p re d ic te d  l a t t i c e  modes, i t  must 
be reco g n ised  th a t v ib ra t io n s  of the  I C l j  s u b - la t t i c e  cannot c o n s t i tu te  
t r u e  l a t t i c e  modes, and only the  th re e  t r a n s l a t io n a l  degrees of freedom  
o f th e  e n t i r e  an io n ic  network are  used in  com bination w ith  the  d is p la c e ­
ments of th e  A c a t io n s .
The p o la r is e d  i . r .  re f le c ta n c e  s p e c tra  of RbMnCl^ a re  shavn in  
P ig . 3 .2 . Those of CsCdCl^ were s im ila r .  The f re q u e n c ie s  given in  
T ab le  3 .3  f o r  both  compounds were ob ta ined  by a  K ramers-Kronig (K-K) 
a n a ly s is  of the  r e f l e c t i v i t y  d a ta . Of the  fo u rte e n  p re d ic te d  bands, 
te n  cou ld  be observed fo r  one or o th e r of th e  compounds. The d i s t r i b u t ­
io n  o f the bands i s  in  good agreement w ith  th a t  r e c e n t ly  r e p o r t e d ^  fo r  
CsMnF^, and the  i . r .  spectrum  of th e  6L s tru c tu re  i s  th e re fo re  w e ll 
e s ta b l is h e d .
s t r u c tu r e : The ex is ten ce  of kL s t r u c tu re s  among th e  p e ro v sk ite
h a l id e s  has not y e t been dem onstrated , bu t the  u n it c e l l  param eters  
re p o r te d  fo r  KNiCl^ suggest th e  presence of a  fo u r - la y e r  re p e a t u n i t .
The i . r .  tran sm iss io n  spectrum  of th i s  compound was reco rd ed , but 
showed th e  same p a t te rn  of f iv e  bands as found fo r  the  2L c h lo r id e s  
d isc u sse d  below. I t  i s  th e re fo re  concluded th a t  the pu b lish ed  s t r u c t u r a l  
d a ta  a re  in  e r ro r ,  and th a t KNiCl-^ in  fa c t  adopts th e  2L s t r u c tu r e .
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T ab le  3 .2 : F a c to r  group analyses of th e  6L, 2L and %  p e ro v sk ite
s t r u c tu r e s .
(a ) 6L ( i h j6h
A. A0 B. B E. E0 A. k n B, B„ E . , .  E n 1g 2g 1g 2g 1g 2g 1u 2u 1u 2u 1u 2u
N 5 2 6 : 1 6 8 1 7 2 6 9 7
T 1 1a
T 1 2 1 2  2 1 2  1
N.  4 2 4 1  5 6  1 4 2  5 6 6:x
(b) 2L (Dgh)
N 1 1 2  1 3 3 1 2 4  2
T 1 1a
T 1 1 1  1
R 1
N.  1 1 1 2  1 1 2  2 2x >
2 2 2
D^h se ^ ec’*‘^ on ru l es ” Raman: A^  x + y , z I . r :  A2U z
E1g (x z ,y z) E1u (x ,y )
.2 2
(o) %  (Djd)
E2g (x " y ,xy^
A4 _ Art E A A_ E1g 2g g 1 u 2u u
N 4  1 5 2 8 10
T 1 1
a
T 1 1 2 2
N 3 1 4  2 5 7
i
I . r ,  a c t i v i t y (x,y)
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0.8
Ell c
E l  c
400 cm"
F ig u re  3 .2 ; S in g le - c ry s ta l  i . r .  r e f le c ta n c e  s p e c tr a  o f RbMnCl^.
0.8
E l  c
20
Fi@ rre 3 .3 : S in g le -c ry s ta l  i . r .  r e f le c ta n c e  s p e c tr a  of CsMnCl^.
m»4
T able 3 .3 : O s c i l la to r  f re q u e n c ie s  (cm ) d eriv ed  from  K ram ers-Kronig
a n a ly s is  of th e  i . r .  r e f le c ta n c e  s p e c tr a  of RbMhCl^ and CsCdCl^.
RbMnCl^ CsCdCl^
A 2 u 1u A 2 u E1u
24-9 280 . 24-0 269
207 192 182
138 153 . 136
118 118 107 95
72 62 71 64-
T able 3.4i: I . r .  o s c i l l a t o r  freq u en c ie s  (cn f^ ) of CsMnCl^
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9L s t r u c t u r e : This s t r u c tu r e  i s  re p re se n te d  among th e  c h lo r id e s
by GsMnCl^, whose i . r .  s p e c tr a  a re  shown in  F ig . 3 .3 . These c o n ta in  
s ix  bands in  each o r ie n ta t io n ,  compared to  th e  f a c to r  group p re d ic t io n s  
(Table 3 .2 c ) of seven A£U and n ine Eu modes. The fre q u e n c ie s  ob ta ined  
by K-K a n a ly s is ,  g iven  in  Table 3.4> are  c o n s is te n t w ith  th e  p a t te rn  
c a lc u la te d  f o r  th e  h ig h  p re s su re  form of CsNiF^ by Kohn and Nakagawa.2-5
2L s t r u c t u r e : The com pletely  hexagonal c lo se-packed  2L s t r u c tu r e
i s  th e  form most commonly found fo r  th e  AMCl  ^ complexes where M i s  a f i r s t
g
row t r a n s i t io n  m e ta l. Because of th e  com parative s im p l ic i ty  of th i s  
s t r u c tu r e ,  th e  number o f a c tiv e  modes p re d ic te d  in  Table 3 .2b i s  fewer 
than  fo r  th e  6L or. 9L form s. Two exam ples, GsCoGl-^ and RbCoCl^ were 
s e le c te d  fo r  a  com plete v ib r a t io n a l  s tudy  by s in g le - c r y s ta l  i . r .  and 
Raman tech n iq u es . The r e s u l t s ,  w hich a re  shown fo r  th e  caesium  complex 
in  F ig s . 3 .4  and 3.5* a llow  th e  id e n t i f i c a t i o n  of a l l  te n  p re d ic te d  i . r .  
and Raman a c tiv e  bands, and t h e i r  assignm ent to  e i th e r  l a t t i c e  (below 
100 cm"’”*) or in t e r n a l  modes. I . r .  o s c i l l a t o r  f re q u e n c ie s  and Raman 
p o la r i s a t io n  d a ta  a re  g iven  fo r  b o th  compounds in  T ab les 3 .5  and 3 .6  
re s p e c t iv e ly .
As w e ll as th e se  two d e ta i le d  s tu d ie s ,  th e  i . r .  s p e c tr a  of a 
number o f o th e r AMXjj complexes were examined, and th e  observed f re q u e n c ie s  
of th e se  a re  l i s t e d  in  Table 3 .7 . Because of th e  w id ths of some of th e  
r e f le c ta n c e  bands, these  fre q u e n c ie s  have f o r  convenience been taken  
from  powder tra n sm iss io n  s p e c tra ,  b u t assignm ents fo r  a l l  except the  
n ic k e l  complexes were based on p o la r is e d  r e f le c ta n c e  d a ta . The i . r .  
tra n sm iss io n  fre q u e n c ie s  of th e  c o b a l ta te s  a re  in c lu d ed  fo r  com parison.
The c lo se  resem blance of th e  s p e c tr a  of KNiCl^ and CsCdBr^ w ith  th o se  
o f th e  o th e r h a l id e s  of known 2L s t r u c t u r e ^ 2* ^3 sugge s t s  th a t  b o th  of 
th e se  a ls o  co n ta in  only hexagonal c lo se -p a ck in g  of th e  AX  ^ la y e r s .
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I
-50
6
£0
F ig u re  5*4 (a) P o la r is e d  s in g le - c r y s t a l  i . r .  r e f le c ta n c e  s p e c tr a  
o f CsCoCLj. (b) R eal d i e l e c t r i c  re sp o n se , (c) Im aginary  d i e l e c t r i c  
resp o n se ; s o l id  l i n e ,  o rd in ary  ra y  Q ^ u modes) and dashed l i n e ,  
e x tra o rd in a ry  ray  modes).
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(xx)y
100200300 100200
AV (cnT^)
F ig u re  3• 5s S in g le - c r y s ta l  Raman s p e c tr a  o f CsCoCl^.
T able 3*5: O s c i l l a to r  f re q u e n c ie s  (cm”^) d eriv ed  from  a  Kram ess-Kronig
a n a ly s is  of th e  f e f le c ta n c e  s p e c t r a  of CsCoCl^ and RbCoCl^.
CsCoCl^ RbCoCl,3
238 240 E1u
184 184 A2u
168 167 1u
74 75 E1U
50 50
A 2 u
T able 3 .6 : S in g le - c r y s ta l  Raman f re q u e n c ie s  (cm ) and r e l a t i v e
i n t e n s i t i e s  f o r  CsCoCl- and RbCoCl,.
3 3
(cm z(x x )y x (y z )y x (z z )y x(yx)y
264 55 20 25 12
(272) (40) (50) (35) (15) 1g
183 100 30 20 95
E0
(187) ( 90) (55) (40) (100) 2g
133 12 2 0 7
E0„
(128) (15) (5 ) . (7) (5)
2g
108 0 24 0 0
E
(112) (0) (5) (0) . (0) 1g
54
(*)
60 10- 10 80 E2g
( ) -  d a ta  f o r  RbCoCl^
obscured by r i s in g  b a s e lin e
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T able 3 .7 : I . r .  tra n sm iss io n  s p e c tr a  of some powdered AMX^  complexes
(f re q u e n c ie s  in  cm ) .
A2u E1u E1u A2u 1u
CsNiF,5 43 101,. 267 341 420a
RbNiCl^ 53 82 179 206 262a
KNiCl^ 67 103 180 209 260a
CsC oCl _
5 51 76 166 198 247b
RbCoCl
5 49 78 167 201 250b
CsFeCl,5 51 78 159 194
■°vou-\CM
RbFeCl
3 49
78 159 196
■“tit"
CM
CsCdBr 36 56 103 126
D
1543 .  . .J
r  ■ V- - - - - - - - - - - - - - - - - - - - - - V- --------
l a t t i c e  in te r n a l
modes modes
a  symmetry assignm ents by analogy
1^
sym m etries from  s in g le - c r y s t a l  s p e c tr a
D isc u ss io n
The main f e a tu re s  of th e  i . r .  s p e c tr a  of th e  v a rio u s  p e ro v s k ite -  
type  s t r u c tu r e s  can be r a t io n a l i s e d  in  a  g en e ra l way by co n s id e rin g  
the n a tu re  of th e  p o s s ib le  v ib ra t io n s  fo r  each of th e  MC^  s u b - la t t i c e s .
In  the  cub ic  s t r u c tu r e ,  fo r  example, th e  two in te r n a l  modes ta k e  th e  
form of alm ost pure M-X s t r e tc h in g  and X-M-X bending v ib r a t io n s .  These 
have obvious c o u n te rp a r ts  in  th e  Eu in te r n a l  modes of the 2L m o d ific a tio n , 
w hich again  f a l l  c le a r ly  in  th e  s t r e tc h in g  and bending  re g io n s , a lthough  
some degree of m ixing, s l ig h t  in  th i s  c ase , n e c e s s a r i ly  ta k es  p la c e .
F o r th e  A2U mode, on the  o th e r  hand, th e  only a v a ila b le  symmetry coord in ­
a te  w ith in  th e  an io n ic  chains inv o lv es  r e l a t i v e  d isp lacem en ts  of th e
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M and X atoms p a r a l l e l  to  the  hexagonal a x is . T his in v o lv es  a c o n s id e r­
ab le  degree of mixing of th e  in te r n a l  c o o rd in a te s , as i s  ev id en t from  
i t s  frequency  in  r e l a t i o n  to  the  Eu modes.
In  th e  6L and JL s t r u c tu r e s ,  th e  s i tu a t io n  i s  f u r th e r  com plicated  
by th e  non -equ iva lence  o f th e  X atoms on shared  face s  or shared  co rn e rs  
o f th e  M -f ille d  o c tah ed ra . The r e s u l t a n t  s p l i t t i n g  of th e  two p r in c ip a l  
modes ad eq u a te ly  accounts fo r  th e  in c re a se d  number of Eu bands in  th e  6L 
and 9L s t r u c tu r e s  and t h e i r  r e la t io n s h ip  to  the  s tr e tc h in g  and bending 
modes of th e  2L and cu b ic  forms rem ains f a i r l y  c le a r .  However, th e  
m ajor tra n s fo rm a tio n s  of th e  Agu s p e c tr a  w ith  change of s t r u c tu re  can 
b e s t be exp la ined  by w idely  d i f f e r in g  symmetry r e s t r i c t i o n s  on the  forms 
o f th e  normal v ib r a t io n s  concerned. This account of th e  e f f e c t  of 
s t r u c tu r e  on th e  i . r .  s p e c tr a  o f th e  c h lo rid e s  d i f f e r s  l i t t l e  from  th a t  
g iv en  by Kohn and Nakagawa. ^
Two i . r .  l a t t i c e  bands,one in  each p o la r i s a t io n ,a r e  observed fo r  
each  of th e  hexagonal complexes examined. These occur below 85 cm--* 
in  the  c h lo r id e s ,  w ith  th e  ex cep tio n  of one band in  KNiCl^. I t  seems 
l i k e l y  th a t  th e  f a i l u r e  to  observe the  o th e r  two l a t t i c e  modes of th e  
6L and 9L s t r u c tu r e s  r e s u l t s  from t h e i r  low in t e n s i ty  r a th e r  th an  low 
frequency .
3 .3 : R ela ted  S tru c tu re s
NMe^llnClx: The s t r u c tu r e  o f t h i s  complex i s  very  s im ila r  to  th a t
of th e  2L hexagonal p e ro v sk ite s , e s p e c ia l ly  in  re s p e c t of th e  arrangem ent
of th e  an io n ic  c h a i n s . T h e  p resence o f th e  s t ru c tu re d  c a t io n s ,  however,
2 6low ers th e  symmetry of the  space group to  e i th e r  P 6ym  (Cgh) or P6^ (Cg).
As in  th e  2L s t r u c tu r e ,  th e re  a re  two m olecules p er u n it c e l l .  The 
f a c to r  group p re d ic t io n s  fo r  the  i . r .  a c t iv e  v ib ra t io n s  of th e se  two 
p o s s i b i l i t i e s  a re  g iven by re p re s e n ta tio n s  3 .4  and 3 .5  re s p e c t iv e ly .
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r  = 2 * ^ 3 8 - ^  3 .4
r  = 5Au+ 5Em 3 .5
The i . r .  s p e c tr a  were found to  co n ta in  two A, and th re e  E bands. so.m 1u 9
tha t- they  are  e n t i r e ly  c o n s is te n t w ith  th e  centrosym m etric space group.
In  f a c t ,  the  f a c to r  group p re d ic t io n s  fo r  th i s  s t r u c tu r e  a re  e f f e c t iv e ly  
th e  same as th o se  fo r  th e  2L p e ro v sk ite s  as f a r  as th e  i . r .  and Raman 
a c t iv e  modes are  concerned, d e sp ite  th e  removal of the  tw o -fo ld  axes in  
th e  (OOl) p la n e s . The form of th e  i . r .  s p e c tr a  tu rn s  out to  be 
in d is t in g u is h a b le  from th a t  of the  2L CsCoCl^ s t r u c tu r e .
The observed fre q u e n c ie s  g iven in  Table 3 .8  a re  in  good agreement 
w ith  those  o f an independent s tudy  by Adams and Smardzewski, who a lso  
examined th e  s in g le - c r y s ta l  Raman s p e c tra . T h e ir  Raman r e s u l t s  confirm  
th e  s im i la r i ty  between the  v ib r a t io n a l  s p e c tr a  of KMe^MnCl^ and CsCoCl^.
The i . r .  r e s u l t s  fo r  t h i s  pseudo-2L s t r u c tu r e  allow s a  d i r e c t  
com parison of th e  s p e c tr a  of the  th re e  hexagonal p e rc v s k ite  m o d ifica tio n s  
f o r  the tr ich io ro m an g an a te s . This i l l u s t r a t e s  c l e a r ly  th e  p o in ts  made 
a t  th e  end of S e c tio n  3*2.
2
CsCuClj: This compound c r y s t a l l i s e s  in  the  space group T6^22 (Dg),
w ith  s ix  form ula u n its  form ing p a r t  of a s in g le  an io n ic  chain  in  each 
u n i t  c e l l . 1 ^ The s t r u c tu r e  i s  aga in  r e la te d  to  th a t  of th e  2L p e ro v s k ite s ,  
w ith  an in c re a se  in  th e  rep ea t d is ta n c e  along th e  cha in  ax is  caused by 
th e  J a h n -T e lle r  d i s to r t io n  of th e  o c tah ed ra  su rround ing  each copper atom, 
r e s u l t in g  in  fo u r  sh o rt (2 .28  and 2 .35&) and two long (2.78A) Gu-Gl 
d is ta n c e s .  There a re  two ways of d e s c r ib in g  the  complex anions in  t h i s  
s t r u c tu r e .  They may be regarded  as chain s of te tr a g o n a l ly  e longated  
o c tah ed ra  sh a rin g  op p o site  fa c e s ,  to  which the  d i s to r t io n  im parts  a 
s l i g h t  h e l ic a l  tw is t  w ith  a s ix - la y e r  in te r v a l  of re v o lu t io n . A l te rn a t­
iv e ly ,  th e  o r ig in a l  d e s c r ip t io n  of W e l l s ^  may be used , in  which th e  
long-bonded Cu-Cl in te r a c t io n s  are  ig no red , and the anions a re  regarded
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T able 3 .8 :
T a b le  3*9:
"*1I . r .  r e f l e c t a n c e  bands (cm ) o f NMe^MnCl^ s in g l e  c r y s t a l s .
228 E1 u "
180 Au ► i n t e r n a l  modes
149 -1u
90
- l a t t i c e  modes
52 Au
— 1I . r .  r e f l e c t a n c e  bands (cm ) o f  CsCuCl^ s in g l e  c r y s t a l s .
A2
266
181
147
96
51
E^ A pproxim ate d e s c r ip t i o n
288 
254 
188 
175 
159 
112  
80 
72
Cu-Cl s t r e t c h i n g
► Cu-Cl b en d in g
l a t t i c e  modes
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as b rid g ed  cha in s  of square  p la n a r  CuCl u n its  sh a rin g  two ad jacen t
4
co rn e rs  s p i r a l l i n g  along th e  chain  a x is . W hichever d e s c r ip t io n  i s  
adopted , th e  p re d ic te d  i . r .  a c t iv e  modes of the s t r u c tu r e  a re  g iven  by 
r e p re s e n ta t io n  3*6. Three modes of each symmetry are  l a t t i c e  v ib r a t io n s ,
P  = 8A2 + 14E1 3 .6
in c lu d in g  one A^ r o ta to r y  mode o f th e  ch a in s.
The i . r .  r e f le c ta n c e  s p e c tr a  of CsCuCl^ (F ig . 3*6) show ju s t  over 
h a l f  o f th e  p re d ic te d  bands, and th e  freq u en c ie s  o f th e se  are  g iven in  
T ab le  3.9* There are  some major d isc re p a n c ie s  between th e se  r e s u l t s  
and th o se  o f th e  re c e n t work on th i s  complex by Adams and Newt on, ^  
le a d in g  to  a fundam ental d if fe re n c e  in  in t e r p r e ta t io n .  Using W ells ' 
model o f th e  s t r u c tu re  th e se  w orkers have shown th a t  th e re  should  be 
one A2 and two s t r e tc h in g  modes of b o th  th e  te rm in a l and b rid g in g  
Cu-Cl bonds o f th e  sq u a re -p la n a r io n s ,an d  have assigned  two h igh  
frequency  groups of bands to  th e se  v ib r a t io n s .  I f  i t  i s  accepted  th a t
jl
—Ath e  sh o rt Cu-Cl s t r e tc h in g  modes occur above 200 cm , then  th e  r e s u l t s  
o f th e  p re se n t work show only th re e  such bands, i . e .  h a l f  th e  p re d ic te d  
number. This could be due to  v a n ish in g ly  low in t e n s i t i e s  f o r  some of 
th e  bands, or to  very  sm all energy d if fe re n c e s  between p a i r s  of te rm in a l 
and b r id g in g  s t r e tc h e s .  Even i f  each of th e  th re e  observed bands i s  
reg ard ed  as p redom inantly  a te rm in a l or a b r id g in g  mode, any a ttem pt to  
d is t in g u is h  between th e se  on th e  b a s is  of frequency would be f u t i l e ,  
s in c e  th e  sp read  of th e se  bands i s  no g re a te r  than  of th e  co rrespond ing  
modes in  th e  sym m etrica lly  b ridged  hexagonal p e ro v s k ite s . The p re se n t 
work th e re fo re  concludes th a t although  th e  "o c ta h e d ra l ion" d e s c r ip t io n  
o f t h i s  s t r u c tu re  i s  too  complex to  be of much use in  d e sc r ib in g  the  
c r y s ta l  v ib r a t io n s ,  the sq u are -p la n a r model le ad s  to  an o v e rs im p lif ie d  
and p o s s ib ly  m islead ing  re p re s e n ta tio n  of th e  bonding scheme w ith in  th e  
an io n ic  ch a in s .
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F ig u re  3 .6 :  I . r .  r e f l e c t a n c e  s p e c t r a  o f CsCuCl^ s in g le  c r y s t a l s .
3»4: AHgX  ^ Complexes
A lthough th e  known s t r u c tu r e s  of th e  AHgX  ^ complexes are  r e la te d
to  th e  cub ic  p e ro v sk ite  s t r u c tu r e ,  an im portan t d i s t i n c t io n  a r is e s  from
th e  p resen ce  in  th ese  complexes of m olecular HgX2 u n i t s .  A number of
s t r u c tu r e s ,  some of which are  polymorphic m o d ific a tio n s , have been
re p o r te d ^ * ^  f o r  CsHgCl^. The most h e lp fu l description"*"^ i s  based
on th e  id e a l  p e ro v sk ite  s t r u c tu re  in  which th e  mercury forms two sh o rt
bonds to  c h lo r in e  atoms, and th e  r e s u l t in g  l in e a r  HgClg m olecules are
s t a t i s t i c a l l y  o r ie n te d  along the th re e  p o s s ib le  d ir e c t io n s  in  each
p se u d o c e ll. The sm earing out of th e  random arrangem ent by X -ray
d i f f r a c t i o n  le a d s  to  a  d e s c r ip t io n  of th e  s t r u c tu re  in  term s of a  cubic
p se u d o c e ll w ith  a  s t a t i s t i c a l  d is t r ib u t io n  of c h lo rin e  atoms a t or n ear
12th e  fa c e  c e n tre s .  CsHgBr^ i s  a lso  d esc rib ed  as having a cub ic  s t r u c tu r e ,  
b u t ,  as f o r  th e  c h lo r id e , a high degree of s t r u c tu r a l  com plexity  would 
be expected .
NH^HgCl^ i s  the  only rep o rte d  example of a  te tra g o n a l s t r u c t u r e , i n
w hich th e  HgClg m olecules a re  a lig n ed  with- the  c a x i s ^  The d is to r te d
o c ta h e d ra l c o o rd in a tio n  of the  mercury atom i s  completed by f r e e  c h lo rid e
io n s  ly in g  in  th e  p lane  p e rp en d icu la r  to  th e  c a x is . The b a s is  f o r  th e
37c l a s s i f i c a t i o n  of th i s  s t r u c tu re  as a  p e ro v sk ite  m o d ific a tio n - '' i s  
r a th e r  tenuous.
The p re se n t work i s  in tended  to  extend and c l a r i f y  the  s t r u c t u r a l  
d a ta  a v a i la b le  fo r  th e  AHgX  ^ complexes by X -ray powder d i f f r a c t io n  methods 
and i . r .  sp ec tro sco p y , and to  in v e s t ig a te  th e  e f f e c t ;  of s t r u c tu re  on 
th e  v ib r a t io n s  of th e  HgXg u n its  p re sen t in  th e  v a rio u s  condensed p h ases .
R e s u lts  and D iscu ssio n
The X -ray  d i f f r a c t io n  p a t te rn s  of samples of CsHgCl^ p repared
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under a v a r ie ty  of co n d itio n s  were a l l  id e n t ic a l  and, w ith  the ex cep tio n
of some weak l i n e s ,  could be indexed on the b a s is  of a cubic u n it  c e l l  
©
w ith  a Q = 5.42A. No evidence fo r  polymorphism was found. CsHgBr^ 
gave a more complex d i f f r a c t io n  p a t te rn  than  the  c h lo r id e , w ith  a number 
o f l i n e s  in  th e  v i c in i t y  of each expected "cubic" r e f l e c t i o n .  These 
could  not be indexed according  to  any sim ple u n it c e l l ,  su g g es tin g  th a t  
th e  s iz e  of th e  bromine atoms causes a g re a te r  d i s to r t io n  from th e  id e a l  
p e ro v s k ite  s t r u c tu r e  than  in  the  case of th e  c h lo r id e .
The fre q u e n c ie s  of the  bands observed in  th e  s p e c tr a  of CsHgCl^ and 
CsHgBr^, w ith  assignm ents based on th o se  re p o rte d  fo r  HgCl2 and HgBr2^ * 3 9  
a re  p re se n te d  in  Table 3 .1 0 . The two h ig h est bands in  th e  c h lo rid e  
have a lre a d y  been observed by Coates and R i d l e y .^  The forms^of th e  
s p e c tr a ,  as shown in  F ig . 3.7? are  c lo se ly  s im ila r  a p a r t from th e  in t e n s i ty  
o f  th e  bands. In  the c h lo rid e  th i s  has about one th i r d  of the  
i n t e n s i t y  of w h ile  in  the bromide i t  i s  weaker and more d if fu s e .
In  o rd er to  in te r p r e t  th e  CsHgX^ s p e c tr a  in  term s of th e  s i t e  symmetry 
o f th e  HgX2 m olecu les, th e  p o s s i b i l i t i e s  a r is in g  in  a d iso rd e red  or 
complex s t ru c tu re  must be con sid ered . The cubic p seu d o ce ll of th e se  
com plex-halides may be derived  from  th e  id e a l p e ro v sk ite  u n it c e l l  by 
co v a len t bond fo rm ation  between th e  mercury atom a t th e  body c e n tre  and 
two halogens a t  the c e n tre s  of op p o site  fa c e s , causing  th ese  atoms to  be 
drawn in to  th e  c e l l .  Of t  he rem ain ing  fo u r  neighbouring  halogen atoms, 
two form  covalen t bonds to  mercury atoms in  ad jacen t p se u d o c e lls , w h ile  
th e  o th e r  two r e t a in  t h e i r  p o s it io n s  a t the  face  c e n tre s ,  and a re  la rg e ly  
io n ic  in  c h a ra c te r .  There are  thus two p o ss ib le  arrangem ents when 
on ly  one m olecu lar s u b -c e ll  i s  con sid ered , i . e .  one in  which th e  h a lid e  
io n s  occupy opposite  fa c e s , and ano ther where th e se  a re  on ad jacen t 
f a c e s ,  w ith  approxim ately  D2h and C2y s i t e  symmetries of th e  HgX2 m olecules 
r e s p e c t iv e ly .  A lthough th e  t ru e  s i t e  symmetry may be fo rm ally  reduced
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T a b le  3«10: O bserved i . r .  f r e q u e n c ie s  and ass ig n m en ts  f o r  th e
CsHgX^ com plexes.
CsHgCl.
320
2 %
198
96
60
CsHgBr.
228
188
13^
68
( m 2)
N>1 (HgX2) 
l a t t i c e  mode 
>J2 (HgX2) and 
l a t t i c e  mode 
l a t t i c e  mode
T a b le  3 .1 1 s C o r r e la t io n  d iag ram  f o r  th e  HgX^ m o le c u le s  i n  CsHgX^.
S i t e
group
C2 r  
. a
1
B.1
B.
I s o l a te d
m o lecu le
D,oo h
z*g W
•Ku (n>2)
S i te
group
D2h
g
B a1u
B2u
B a3u
a  d ip o le  a c t iv e  modes
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t
S
•rH 03 CQ
tta
§uEH
CsHgCl
CsHgBr
F ig u re  3 .7 !  I . r ,  t ra n s m is s io n  s p e c t r a  o f  th e  CsHgX^ com plexes.
400 cm'
F ig u re  3 .8 :  I . r .  r e f l e c ta n c e  s p e c t r a  o f ( s o l i d  l i n e -
observed  Eu bands; dashed l i n e  -  in f e r r e d  A2u b a n d s ) .
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to  C>j when th e  m olecular o r ie n ta t io n s  throughout the e n t i r e  c r y s ta l  
a re  c o n s id e re d , a  d isc u ss io n  of the  s i t e  group modes in  term s of 
app rox im ate ly  D2^ or ^2v symmetry i s  s t i l l  v a l id ,  s in c e  th e  s tro n g e s t 
in f lu e n c e  on the  form  of th e  v ib ra t io n s  of the  m olecu lar u n i t s  w i l l  
be e x e r te d  by th e  arrangem ent of the halogen atoms im m ediately su rround­
in g  them. The e f f e c t  of th e  two p o ss ib le  s i t e  sym m etries on th e  HgX2 
v ib r a t io n s  i s  i l l u s t r a t e d  by the c o r r e la t io n  of th e  s i t e  group and 
m o lecu la r modes g iven in  Table 3*11* The main d if fe re n c e  between th e
two l i e s  in  the  i . r .  a c t iv i t y  of •0 .^ C o rre la tio n  cou p lin g  can be
ig n o red , so  th a t  th e  s i t e  group approxim ation i s  a p p lic a b le .
The observed i . r .  in t e n s i ty  of the  ^  band in  CsHgCl-^ i s  th e re fo re  
com patib le  w ith  th e  assum ption th a t  a t l e a s t  a  m ajor p ro p o rtio n  of th e  
HgCl2 m olecules occupy s i t e s  of approxim ately  C2V symmetry. In  CsHgBr^, 
th e  low er r e l a t i v e  in te n s i ty  of th e  band would su g g es t th a t  th e  HgBr2 
m olecu les are  more evenly  d is t r ib u te d  between th e  two p o s s ib le  s i t e s .
On th e  o th e r hand, th e  d is p o s it io n  of the  l a t t i c e  modes in  the  s p e c tr a  
o f th e  two complexes i s  rem arkably s im ila r ,  and th i s  would norm ally  be 
expec ted  to  be s e n s i t iv e  to  changes in  s t r u c tu re .
NHj^HgClz and RbHgCl^: The X -ray powder d i f f r a c t io n  p a t te rn  of
RbHgCl^ was almost id e n t ic a l  to  th a t  o f NH^HgCl^, and from  th e  h igh
o
o rd er r e f le c t io n s  u n it c e l l  dim ensions of a Q =; 4*21, c Q = 8.01A were
c a lc u la te d  ( c . f .  aQ = 4-* 20, cQ = 7.94A fo r  NH^HgCl^ )•  was
3 6concluded th a t  RbHgCl^ i s  i s o s t r u c tu r a l  w ith  NHjHgQl^, having space 
group Pi/mram (D^ _h) (Z = l ) .  A fa c to r  group a n a ly s is  based on th i s  
s t r u c tu r e  (n e g le c tin g  th e  H atoms in  NH^H gClj)predicts s ix  i . r .  a c t iv e  
modes g iven  by th e  re p re s e n ta tio n  3 .7 . Of th e se , th e re  a re  two in t e r n a l
P  =s 3Ai2u +• 5EU 5 .7
modes of th e  HgCl2 m olecules, n ^ ^ u )  and M % \i)> w h ile  th e  rem ainder 
a re  l a t t i c e  modes.
In  th e  f a r  i . r .  tran sm iss io n  s p e c tra  of bo th  RbHgCl^ and NH H gClj, 
on ly  fo u r  broad bands were observed, of which the h ig h est frequency  
band was assigned  to  P o la r is e d  s in g le  c r y s ta l  i . r .  r e f le c ta n c e
s p e c t r a  a re  th e re fo re  necessary  fo r  th e  assignm ent of \>2, and a lso  to  
re s o lv e  th e  unobserved bands. A lthough a ttem p ts to  grow s in g le  c ry s td ls  
o f RbHgCl^ and NH^HgCl^ using  the S tockbarger technique: were not su ccess­
f u l ,  a  p o ly c ry s ta l l in e  boule co n ta in in g  p a r t i a l l y  o rie n te d  domains of 
NH^HgQl^ was ob ta in ed . A p o lish ed  face  of t h i s  bou le ex h ib ite d  com plete 
d ic h ro ism  o f th e  hand when the c ry s ta l  was ro ta te d  w ith  re s p e c t to  
th e  e l e c t r i c  v e c to r  of the p o la rise d  in c id e n t r a d ia t io n .  Using the 
i n t e n s i t y  o f t h i s  band as a  gu ide , and knowing th e  p re d ic te d  number of 
modes and t h e i r  symmetry, i t  was found th a t c e r ta in  o r ie n ta t io n s  gave 
e x c lu s iv e ly  1^ modes, w hile  o th e rs  gave a m ixture of A2U Eu modes.
D e sp ite  th e  anomalous e f f e c ts  which may a r is e  in  the  r e f le c ta n c e  s p e c tr a  
o f u n ia x ia l  c r y s ta l s  when the e l e c t r i c  v e c to r  of th e  in c id e n t r a d ia t io n  
i s  no t a lig n ed  w ith  s p e c if ic  c ry s ta l lo g ra p h ic  axes (see  C hapter 5 .2 ) i t  
was found p o s s ib le ,  by s u b tra c t io n  of the  Eu bands from th e  s p e c tra  
c o n ta in in g  bands of bo th  sym m etries, to  make te n ta t iv e  assignm ents of 
th e  s ix  i . r .  a c t iv e  modes in  NH^HgCl- .^ The A2U bands shown sc h e m a tic a lly  
in  F ig . 3 .8  were id e n t i f ie d  in  th i s  way. The freq u en c ies  of th e  bands 
observed in  b o th  the  re f le c ta n c e  and tran sm iss io n  s p e c tra  to g e th e r  w ith  
assignm ents a re  given in  Table 3 .12. A lthough some e r ro r  in  th e  
f re q u e n c ie s  o f th e  A ^  modes i s  p o ss ib le  because of anomalous d is p e rs io n , 
th e  r e f le c ta n c e  freq u en c ies  a re  in  good agreement w ith  those  observed in  
th e  tra n sm is s io n  spectrum . The p o la ris e d  re f le c ta n c e  s p e c tr a  allow  
th e  o b se rv a tio n  of the  bending mode, \>2, in  EH^HgCl^, w hile in  th e  t r a n s ­
m iss io n  spectrum , t h i s  band i s  obscured by th e  broad overlapp ing  l a t t i c e  
bands. The same i s  probably  tru e  fo r  th e  rubidium  complex, in  which a l l  
o f th e  l a t t i c e  modes are  of lower frequency because of the in c re a se d  mass
T able 3 .1 2 ; I . r .  r e f le c t io n  and ab so rp tion  freq u en c ies  (cm”"*) f o r  
NH^HgCl^ and RbHgCl^.
T ransm ission  
RbHgCl^ NH4HgPl3
312
170
110
72
308
196
152
R e f le c t io n
NH2HgCl3
Eu ^2u
310
196
134
140
94
40
A ssignm ent
V.
l a t t i c e  mode
l a t t i c e  mode
tit
o f the  c a t io n .
P o u le t and M athieu-^ have noted th e  expected d ecrease  in  th e  
frequency  o f fo r  th e  HgCl2 m olecules in  a s e r ie s  of c h lo ro m e rc u ra te s ( ll)  
w ith  in c re a s in g  HgCl bond le n g th . A s im ila r  v a r ia t io n  i s  observed in  
th e  asym m etric s t r e tc h in g  mode V3 f o r  th e  complexes H gC^j CsHgCl^ and 
NH^HgCl-^ as shown in  Table 3 .13 . By in te rp o la t in g  the  va lue  of ^  fo r
O
RbHgCl-j in  th i s  tre n d , an Hg-Cl bond d is ta n c e  of about 2 .33A can be 
e s tim a te d  f o r  t h i s  complex.
A f u r th e r  g en era l po in t which emerges from a c o n s id e ra tio n  of th e  
s p e c t r a  of th e  complexes examined i s  th e  unusually  high fre q u e n c ie s  
observed fo r  some of the  l a t t i c e  modes, e .g . those  a t 198 snd 134 Gnl  ^
in  CsHgClj and CsHgBr ^  r e s p e c tiv e ly . This phenomenon w i l l  be encoun ter­
ed again  in  connection  w ith  the  s p e c tra  of Cs-^CoCl^ (C hapter 4.5)>  and 
r e s u l t s  from the presence of f r e e  h a lid e  io n s  as w ell as complex groups
in  th e se  c r y s ta l s .
T ab le  3 .13 : V a r ia t io n  of ^  w ith  Hg-Cl bond le n g th  (d) in  some
AHgCl^ com plexes.
V3 (cm **)
HgCl2 CsHgpl^ NHjHgP^
377 320 308
a  (A) 2.25 2.29 2 .34
3 .3 : E xperim en tal
.P r e p a r a t io n s : A ll of th e  AMXt complexes, except CsCuCl-,, TMe MnCl,
J y  4  3
and th e  cadmium complexes, were prepared  by fu s io n  of th e  a p p ro p ria te  i 
h a l id e s .  Where n ecessa ry , the anhydrous m etal d ic h lo r id e s  were p rep ared  
by su b lim a tio n  in  an atmosphere of hydrogen c h lo rid e . The manganese, 
iro n  and c o b a lt complexes were grown as la rg e  s in g le  c r y s ta l s  by th e  
S to ck b a rg e r method, w ith  re fe re n c e  to  pub lished  phase diagram s or 
m e ltin g  p o in t s .^*33*41 A ttem pts to  grow CsPbCl^ and NH^HgCl^ by th e  
same method were only p a r t i a l l y  su c c e ss fu l. As w ell as the  fused 
sam ples, sm all c r y s ta ls  of CsHgCl^ and CsHgBr3 were prepared  from 
aqueous and e th a n o lic  s o lu tio n s  under a v a r ie ty  of c o n d itio n s .
CsCuCl,, NMe MnCl , CsCdBr and CsCdCl were a lso  c r y s ta l l i s e d
J k- J 3 3
from  aqueous s o lu tio n s  of th e  c o n s titu e n t h a l id e s .  The f i r s t  th re e  of 
th e se  gave m ainly hexagonal ro d s , w ith  some bipyram ids in  th e  case of 
CsCuCl^. Only very  sm all c ry s ta ls  of CsCdCl^ were obtained  from 
s o lu t io n ,  m ostly  of th e  cubic m o d ifica tio n . These were used in  the  
grow th o f la rg e  hexagonal c ry s ta ls  from th e  m elt.
The m elt-grow n 2L c ry s ta ls  a l l  showed good (1100) cleavage p la n es . 
F or th e  6L and 9L s t r u c tu re s ,  the  poor cleavage was u se fu l only fo r  
o r ie n t in g  th e  sam ples, and the  p re p a ra tio n  of s u ita b le  face s  had to  be 
c a r r ie d  out by g rin d in g  and p o lish in g . The d ire c t io n s  of the
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c ry s ta l lo g r a p h ic  a x is  in  these  hexagonal c ry s ta ls  were determ ined
by b ir e f r in g e n c e .
A n a ly s is  of i . r .  re f le c ta n c e  s p e c tr a : In  a number of ca se s ,
th e  t r u e  o s c i l l a t o r  freq u en c ie s  were derived  by a K ram ers-Kronig
a n a ly s is  of th e  re f le c ta n c e  sp e c tra , using  th e  ex p ress io n s  1 .6 -1 .1 0 .
The n ece ssa ry  com putations were c a rr ie d  out on a KDF 9 computer.
The i n f i n i t e  in t e g r a l  1 .8  was evaluated  in  th e  range 20-400 cnT^
u s in g  th e  tra p e z o id a l  approxim ation, and ou ts id e  th i s  range co n stan t
1 —1v a lu e s  of R from  0-20 cm and 4-00- oo cm ' were assumed. A c o r re c t io n
t e r m ^  ta k in g  account o f th e  inaccuracy  a r is in g  from th i s  e x tra p o la t io n
produced no s ig n i f i c a n t  change in  th e  freq u en c ies  (>?.) of th e  maxima
J
in  S in ce  th e  approxim ation «  1 holds (where i s  the
h a lf -w id th  o f th e  & peak) the  va lues of ^  give the  o s c i l l a to r  f re q u e n c ie s ,
j
The r e s u l t s  o f t h i s  a n a ly s is  on th e  s p e c tra  of CsCoCl^ a re  shown in  
F ig . 3 .4 .
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C hap ter 4-« Complexes C ontain ing  D isc re te  Mm 2" Ions
4
4 . 1 : In tro d u c t io n
2— ■The ion  can adopt e i th e r  a te tr a h e d ra l  arrangem ent, as
in  th e  case  of most of the  f i r s t  row t r a n s i t io n  m etal complexes, 
o r a  sq u a re -p la n a r  co n fig u ra tio n , ty p if ie d  by the K ^ tC l^  s t r u c tu r e .  
The p re s e n t  c h a p te r  w i l l  be concerned p r im a rily  w ith  te t r a h e d r a l  
io n s ,  b o th  in  th e  re g u la r  and d is to r te d  form.
V ib ra tio n a l  spectroscopy  has proved u sefu l in  e s ta b l is h in g  
th e  p re sen ce  of te tr a h e d ra l  anions in  ch lo ro m e ta lla te s  such as 
ArjMCl^ and AyCJlpj. In f ra - re d  s tu d ie s  in  p a r t i c u la r  have o ften  
been used to  determ ine whether such ions ex is ted  as re g u la r  or 
d i s to r t e d  te tr a h e d ra .  The T^ ion has fo u r fundam ental modes of 
v ib r a t io n :  th e  symmetric s tre tc h in g  and bending modes -0 (A )
i 1
and ^  (E ), and th e  asymmetric s t r e tc h  and bend (Fg) and
^ 4  (^ 2)* l a s t  two are  i . r .  a c tiv e , w hile a l l  fo u r are
Raman a c t iv e .  In  th e  d is to r te d  io n , the degeneracies may be
removed, and th e  T , fundam entals s p l i t .  V arious y/orkers have 9 d
c a r r ie d  out c a re fu l  exam inations of the  i . r .  mull s p e c tra  of a
number of th e se  complexes, mainly the a lk y l ammonium and caesium
s a l t s ,  in  a ttem p ts  to  reso lv e  the  c ry s ta l  mode s p l i t t in g s  and
1-3r e l a t e  th e se  to  the  degree of d is to r t io n  of th e  an ions.
These s tu d ie s  were hampered by the in s e n s i t iv i ty  of th e  method 
u sed , and r e a l  p rog ress was made only w ith  the  in tro d u c tio n  of 
s in g le  c r y s ta l  i . r .  and Raman^ *"* ^  techn iques.
A v a ila b le  Raman d a ta  inc lude powder sp e c tra  of some alkylammonium 
and caesium  com plexes,6-8 and the s in g le  c ry s ta l  work of B e a t t ie  
e t  a l 1*- on Cs^CuCl, and CSgZuCl^, in  which a la rg e  p ro p o rtio n  of 
th e  p re d ic te d  c r y s ta l  modes were observed.
The p re se n t work s e ts  out to  examine the i . r .  s p e c tra ,  as 
s in g le  c r y s ta l s  where p o ss ib le , of a range of ch lo ro m e ta lla te s  
of vario las s t r u c tu r a l  ty p es, con ta in ing  te tr a h e d ra l  and d is to r te d  
t e t r a h e d r a l  an ions. The o rig in  and magnitude of th e  v a rio u s  e f f e c t s  
c o n t r ib u t in g  to  s o l id  <state s p l i t t in g  of the  fundam ental modes in  
th e se  com plexes, and th e  ro le  of the  d is to r t io n  of th e  anion in  
d e te rm in in g  th e  form  of th e  sp e c tra  w il l  be d iscussed . Examples 
of sq u a re -p la n a r  complexes w i l l  a lso  be examined.
4«2: AqMCI^ Complexes (A = Cs, Rb, NMe/)
The A^MCl^ complexes (A = Cs, M = Fe, Co, Cu, Zn; I^ C o C l^ ;
A = NMe^, M = Co, Cu, Zn) form p a rt of an ex tensive  i s o s t r u c tu r a l
s e r i e s  c o n ta in in g  is o la te d  te tra h e d ra l  anions. The m ull i . r .  s p e c tr a
o f th e  caesium  and tetramethylaramonium s a l t s  of c o b a lt, copper and
1-3 ,6
z in c  have been re p o rte d . In  th e  case of the caesium  s a l t s ,
on ly  th e  re g io n  of th e  m eta l-ch lo rin e  s tre tc h in g  v ib ra tio n s  was
exam ined. T his showed a s in g le  band corresponding to  of* th e  
2-t e t r a h e d r a l  1^1^ io*1 except in  the  copper complexes, where th i s  
mode was s p l i t  by 30 -  40 cm , and Cs2ZnCl^, where th e  s p l i t t i n g  
was 7 cni • The Raman s p e c tra  of s in g le  c ry s ta ls  of Cs^CuCl^ 
and C s g Z n C l^  and of powdered (NMe^)^uCl^6 have a lso  been 
re p o r te d .
C ry s ta l lo g ra p h ic  s tu d ie s  have e s ta b lish e d  th a t a l l  of th e  
a lk a l i - m e ta l  complexes d e a lt w ith  here a re  is o s t ru c tu r a l  and
16
c r y s t a l l i s e  in  th e  orthorhombic system w ith  space group Pnma (^2h^
(Z = The s tru c tu re s  of (Nlvle^)2CoCl^ and (NlvIe^J^ZnCl^
can a l s o  be su c c e s s fu lly  re f in e d  in  th i s  space group, a lthough  
in  b o th  cases  la rg e  a n iso tro p ic  therm al param eters fo r  b e r ta in  
atoms have been in te rp re te d  as evidence fo r  o r ie n ta t io n a l
d is o rd e r in g  of bo th  th e  anions and c a tio n s . (Mlfe ) 2CuC14  has been
shown9 to  have a  s im ila r  s tru c tu re  apart from a t r i p l in g  of th e  a
a x is ,  in d ic te d  by seme f a in t  r e f le c t io n s ,  which i s  thought to  be
due to  sm all changes in  the  p o s itio n s  of n itro g en  and carbon
atoms in  su c cess iv e  s u b -c e lls .  These complexes a l l  co n ta in  
o_
^C l^  te t r a h e d ra ,  f la t te n e d  to  vary ing  e x te n ts , on Cg s i t e s ,  
th e  extrem e ang les of th e  anions ranging from 108.2*° and 112.1° 
in  2ZnCl^ to  99.6° and 129.8° in  (NMe^)gCuCl^.
The r e s u l t s  of a f a c to r  group an a ly sis  of th i s  s t r u c tu re
a re  shown in  T able 4 .1 .  In  the case of the  (NMe^)gMCl^ complexes,
r o ta to r y  modes of th e  c a tio n  must be taken in to  account, but th e i r
i n t e r n a l  v ib r a t io n s  a re  neg lec ted , since  th ese  occur a t h igher 
f re q u e n c ie s  than  tho se  of in te r e s t  here . The in te rn a l  modes
p _
of th e  M31“ ions on C s i t e s  can be c o rre la te d  w ith the T,4  s d
modes o f th e  i s o la te d  ion  as shown in  Table 4 .2 . The in te rm e d ia te
Td ~ >^)2d c o r r e la t io n  ap p lie s  to  the CuCl^“ ion , which has a  la rg e
in h e re n t Jahn  -  T e l le r  d is to r t io n ,  reducing  i t s  symmetry to  l^a.*
In  a l l ,  t h e r e f o r e , f i f t e e n  bands asso c ia ted  w ith the v ib ra t io n s  of
th e  MCl^” te t r a h e d ra  should be observed in  the  i . r .  s p e c tra  of 
4
th e se  com plexes, seven of these  occurring  in  the M-Cl s tr e tc h in g  
re g io n , and e ig h t in  the  bending reg ion .
R e s u lts  and D iscu ssio n
The i . r .  ab so rp tio n  s p e c tra  of powdered samples of th e  a l k a l i — 
m eta l te tra c h lo ro m e ta lla te s ,  except fo r  th a t of CSgCuGl^, show only 
th re e  f a i r l y  b road , asymmetric bands in  the reg ion  of the fundam ental 
v ib r a t io n s .  The freq u en c ies  of these  bands, which are  m  good 
agreem ent w ith  those repo rted  p rev iously , a re  given in  Table k.3 .
In  accordance w ith  e a r l i e r  work, th e  bands a t around 300 o»-1 are
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T able 4* 1 • F a c to r  group a n a ly s is  of A^MCl^ complexes w ith  space group 
1 6D2h*
A 1g B2g 3g Au B1u B 2 u B3u
Na 13 8 13 8 8 13 68 13
Ta 1 1 1
T 6 3 6 3 3 5 2 5
R_ 1 2 1 2 2 1 2 1
N.i 6 3 6 3 3 6 3 6
Rb+ 3 3 3 3 3 3 3 3
a c t i v i t y z y X
a f o r  a lk a l i -m e ta l  complexes
c a t io n  ro ta to r y  modes -  app lies  only to  tetramethylammonium 
complexes
2-
Table 4 .2 :  C o r re la t io n  diagram  fo r  the  MCl^ ions in  th e  orthorhom bic
A^MCl^ com plexes.
Ion
T ,
D is to r te d  ion  S i te  Unit c e l l
'2d
2k.
D2h
1u
2u
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Table 4 .3 :  I . r .  ab so rp tio n  frequencies (cm"1) of some AgMCl^ complexes.
L a t tic e
^3
Cs FeCl, 2 4 86 122 300 284
Cs2CoCl^ 83 123 310 298
Rb2CoCl^ 90 132 315 280
Cs2CuCl^ 82 126, 149 260, 292 265
CspZnCl 
* 4 84 132 294 279
c a lc u la te d  from th e  combination band \L+
' 3
a ss ig n ed  to  o f th e  te tra h e d ra l  anions, and those  a t around
125 cm"*^  to  V^. F or reasons which w ill  become apparent l a t e r
when th e  s in g le  c r y s ta l  sp e c tra  are d iscussed , the  suggestio n ^
th a t  th e  low est bands below 100 cnT'^  a r is e  from i . r .  a c tiv e
components of has been re je c te d , and these have been c o n f id e n tly
a ss ig n ed  to  l a t t i c e  v ib ra t io n s .  The sp e c tra  con ta in  no re so lv ed
f e a tu r e s  w hich could be a t t r ib u te d  to  e i th e r  0 or \L . For1 2
Cs^CuCl^, b o th  and are  s p l i t  in to  double ts sep a ra ted  by 
by about 25 cm“1. With th i s  exception, none of the expected 
c r y s t a l  mode s p l i t t i n g  i s  observed in  the  powder s p e c tra  of th ese  
com plexes, which i s  not s u rp r is in g  in  the l ig h t  of prev ious r e s u l t s .
I n  o rd er to  overcome the  in s e n s i t iv i ty  of the  powder method 
and to  o b ta in  more d e ta ile d  sp e c tra l  d a ta  fo r  th is  type of complex, 
th e  com plete s in g le  c r y s ta l  re f le c ta n c e  sp e c tra  of C s^ n C l^ , 
(NMe4 ) 2CoCl^, (NM e^CuCl^ and (NM e^ZnCl^ were reco rded , the
®1u* ^2u -®3u ra0(^ es being ac tiv a ted  by in c id en t r a d ia t io n
68
p o la r is e d  a long  th e  c, b and a c ry s ta llo g ra p h ic  axes in  turn*
A l e s s  d e ta i le d  exam ination of Os2CoCl^ and Cs2CuCl^ was a lso  made.
The fre q u e n c ie s  of the bands observed in  th e  s p e c tra  of th e
caesium  complexes are  given in  Table 4 .4 . F ig . 4.1 shows the
s p e c t r a  of Cs2ZnCl^, in  which a l l  of the f iv e  c ry s ta l  modes d eriv ed
from  were observed, w ith  d i s t in c t  s p l i t t in g  of about 12 cm"1
between th e  B^u and B^u doublets.. This s p l i t t i n g  was le s s
pronounced in  th e  case of the mode, and was observed only fo r
th e  B^u com ponents, in  the form of a shou ler on the  low frequency
s id e  of th e  main r e f le c ta n c e  maximum. F u rth e r fe a tu re s  to  th e
low freq u en cy  s id e  of th e  B2u and B^u components of ^  were observed;
th e s e  were much weaker than  the bands and are  th e re fo re  assigned
4
T able 4 .4 :  P o la r is e d  i . r .  re f le c ta n c e  d a ta  (cm"1) fo r  C s^ C l^ .
B1u
,300
288
132
87
67
CsoZnCl4
B 2 u
296
134
110
77
60
3u
302
288
147
139
114
90
75
67
55
Cs0CuCl.2 Ur
B2u
296
136
79
61
B1u or B3u 
288
258
151
123
83
Cs0CoCl. 
^ 4
316
314
136
135
127
98
82
75
70
60
T mode 
d
\>4
l a t t i c e
modes
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Ell c
1u
E ll b
’2u
R
400 cm'
F ig u re  4 .1 :  S in g le -c r y s ta l i . r .  reflectan ce  spectra  o f CsgZnCl^.
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to  th e  B2u and components of v>2. The low in te n s i ty  i s
c o n s is te n t  w ith  th e  expected weak d ip o le  a c t iv i ty  of bands derived
from  i . r .  in a c t iv e  modes of the is o la te d  io n , and th e i r  freq u en c ies
a re  v e ry  c lo se  to  th o se  of the  modes in  the  Raman sp ec tra ^ - of
Cs2ZnCl^. None o f th e  p red ic ted  components of V was observed.
From th e  Raman s p e c tr a ,  th e se  should occur around 288 cm"1, and
i t  i s  th e re fo re  p robab le  th a t the two i . r .  a c tiv e  components of
a re  obscured by the more in te n se  V bands. Below 100 cm"1 a 
' 3
t o t a l  o f e ig h t bands was observed in  the  re f le c ta n c e  s p e c tra  of
th e  th r e e  c r y s ta l  o r ie n ta t io n s .  These low-energy v ib ra t io n s  a re
a ss ig n ed  to  l a t t i c e  modes.
Complete p o la r is e d  re f le c ta n c e  s p e c tra  could not be recorded
f o r  Cs2CoCl^ and Cs2CuCl^ owing to  the poorer q u a l ity  and sm a lle r
s i z e  of th e  c r y s ta l l in e  samples obtained. In  the  case of Cs2CuCl^,
th e  c r y s ta l s  were too  narrow and f r a g i le  to  perm it the  g rin d in g
o f p r im it iv e  (100) or (00 l) fa c e s , so th a t the s p e c tra  were recorded
from  th e  n a tu r a l  (101) fa c e s . This gave B ^  modes when the
in c id e n t r a d ia t io n  was p o la rise d  along the c ry s ta l lo g ra p h ic  b a x is ,
and a  m ix tu re  o f B. and BT modes when p o la r is a t io n  was p erp en d ic - 1 u ^u
u la r  to  th e  b a x is .
The r e f le c ta n c e  sp e c tra  of po lished  faces of a p o ly c ry s ta l l in e
bou le  o f Cs0CoCl, were found to  e x h ib it i . r .  d ichroism , due 
2 4
presum ably  to  p a r t i a l  alignment of the  c r y s t a l l i t e s .  For reasons 
th a t  w i l l  become ev iden t in  Chapter 5*2, l i t t l e  r e lia n c e  can be 
p la ced  on s p e c tr a  obtained  in  th is  way, although they do dem onstrate 
c l e a r ly  th e  p resence  of s o lid  s ta t e  s p l i t t in g  which i s  unresolved
in  th e  powder spectrum .
The bands observed in  the  p o la rise d  sp e c tra  of the te tra m e th y l-
ammonium complexes a t  room tem perature and 105K are  l i s t e d  in  T able 4 . 5>
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T able 4 .5 :  F req u en c ies  (cm"1) o f re f le c ta n c e  bands in  th e  i . r .
s p e c tr a  o f (NMe^JgMCl^ s in g le  c ry s ta ls .
B1u B2u B3u
l . t .  r . t .  1 .1. r .  t .  l . t .  r . t .
(NMe^) 2poQl^ 310 298 301 297 315 306
300 300 298
133 134 135 132 140 132
132
(NMe^)2CuCl^ 288 272 300 278 292 285
279 295 283 275
238 234 239 234
155 126 130 130 151 145
134 136 127
118
(NMe ) oZn01 291 276 282 275 295 286
4  * 4
282 277 278 278
272
138 131 139 132 144 136
130 134 132 129
120
l . t . -  low te m p e ra tu re  ( l 05K ) r  r . t . -  room -tem p era tu re
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w h ile  th e se  of th e  z in c  complex are i l l u s t r a t e d  in  P ig . 4 .2 .
Below about 100 cm"1 , each of the s p e c tra  shows a  broad band 
ex ten d in g  below 40 cm-1 . In  the case of (M Me.J^nCl^, s p e c tra  
w ere reco rd ed  down to  10 cm'1 w ithout rev ea lin g  any d i s t i n c t  
s t r u c t u r e  in  th e se  bands. L i t t l e  change took p lace  a t low 
te m p era tu re  a p a r t from the appearance of some weak fe a tu re s  near 
100 cm""*.
The room tem pera tu re  sp e c tra  of the cobalt and z inc  complexes
show l i t t l e  ev idence of the expected f a c to r  group s p l i t t i n g  of th e
i n t e r n a l  modes o f th e  MCl^” ions apart from very  sm all d if fe re n c e s
in  th e  f re q u e n c ie s  of the B1u, B2u and B^u bands, and the  presence
o f two B^u components of ^  and ( in  the zinc complex) v^. None
of the Dredicted i . r .  active  comoonents of \ f  or V are observed.1 2
The s p e c tr a  o f (NMe^gCuCl^ agree more c lo se ly  w ith  fa c to r  group
p r e d ic t io n s ,  e s p e c ia l ly  in  the Cu-Gl s tre tc h in g  reg io n .
When th e  s p e c tr a  of these  complexes are recorded a t low
te m p e ra tu re , some of the  room tem perature re f le c ta n c e  bands are
s p l i t  in to  a  number of d is t in c t  maxima, which in  most cases a re
v e ry  sh a rp . These low tem perature sp e c tra  show a l l  of the  p re d ic te d
B. and B* bands derived  from v> and V, except fo r  one B component 
1 U .3U j  if. 1 u
of in  (liie^pG oC l^ . A number of weakly allowed components of 
and \>2 a re  a ls o  observed. Contrary to  expectations,;, th e  two 
B ^  bands o f (NMe^) ^ n C l^  are each s p l i t  by 5 cm"1 to  form d o u b le ts , 
w ith  a  s im i la r  s p l i t t i n g  tak ing  p lace  fo r  the band of (NMe^)gCuCl^ 
( th e  weak B2u component of ^  in  the l a t t e r  can be reso lved  only 
w ith  d i f f i c u l t y  from  the  h igh-frequency t a i l  of the broad l a t t i c e  
b an d )•
In  making th e se  assignm ents, as w ell as those fo r  th e  caesium 
com plexes, c o n s id e ra tio n  has been given to  band in t e n s i t i e s ,  group
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F ig u re  4 .2 :  I . r .  re f le c ta n c e  sp e c tra  of (NMe^)2ZnGl^ c ry s ta ls
a t  room tem pera tu re  (dashed l in e )  and 105K (s o lid  l i n e ) .
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th e o r e t i c a l  p re d ic t io n s  and the expected frequency ranges fo r  the
te t r a h e d r a l  inodes. Thus s tro n g  bands in  the reg ion  of 300 and
130 have been assigned  i n i t i a l l y  to  components of b and V
3 4
r e s p e c t iv e ly .  Only weak bands of ap p ro p ria te  frequency have been
a t t r i b u t e d  to  or s^ , where a l l  of the p red ic ted  0 or V components
3 4
of co rresp o n d in g  symmetry have a lready  been accounted fo r  . ( in  th e  
case  of th e  e x t r a  bands of th e  te tram ethy  1 ammonium complexes, 
no components a re  p re d ic te d .)  I t  should be noted, however,
th a t  under th e  low s i t e  symmetry of the anions, mixing of the  
modes may occur. The forms of the bending v ib ra tio n s  may be 
f u r th e r  com plica ted  by mixing w ith  l a t t i c e  modes. Thus the 
d e s c r ip t io n  o f th e  c r y s ta l  modes in  terms of the normal modes of 
th e  f r e e  io n  must be regarded as approximate. The ju s t i f i c a t io n  
f o r  th e  use of th i s  approxim ation l i e s  in  the co n s is te n t in t e r p r e t ­
a t io n  i t  a llow s of th e  fa c to rs  a f fe c tin g  the s p l i t t i n g  of th e  
c r y s t a l  modes.
A f u r th e r  p o in t which re q u ire s  examination before proceeding 
to  a  d is c u s s io n  of c o r re la t io n  f ie ld  e f fe c ts  i s  the r e l i a b i l i t y  of 
th e  r e f le c ta n c e  s p e c tr a  in  provid ing  s u f f ic ie n t ly  accu ra te  data* 
Examples g iven  in  S ec tio n s  4*3 and 5*2 w il l  show th a t d isp e rs io n  
e f f e c t s  in  a  r e f le c ta n c e  spectrum con ta in ing  two neighbouring 
bands o f th e  same symmetry (or a c tiv e  in  the same ray) can cause 
th e  h ig h e r  r e f le c ta n c e  maximum to  be d isp laced  from i t s  tru e  
freq u en cy  to  one co nsiderab ly  h igher, g iv ing  ex cessiv e ly  la rg e  
ap p aren t s p l i t t i n g .  In  the low tem perature p o la rise d  sp e c tra  of 
th e  tetramethylammonium complexes, and in  the sp e c tra  of CSgZnCl^, 
th e re  a re  a number of in s ta n ces  of two or th ree  bands of th e  same 
symmetry o ccu rrin g  w ith in  a few wavenumbers of each o th e r. I f  the  
f re q u e n c ie s  o f some of th ese  bands are being in fluenced  by d isp e rs io n  
e f f e c t s ,  then  th i s  should show i t s e l f  in  unusually  la rg e  d if fe re n c e s
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in  frequency  between Raman and i . r .  a c tiv e  c o r re la t io n  components 
of a  p a r t i c u l a r  s i t e  group mode, since  d isp e rs io n  plays no p a r t in  
Raman s c a t t e r in g  in  centrosym m etric system s. Comparison of the g 
and u mode fre q u e n c ie s  of Cs2ZnCl^_, l i s t e d  in  Table 4 .6 , re v e a ls  no 
m ajor i r r e g u l a r i t i e s  in  th e  c o r re la tio n  s p l i t t in g s ,  and i t  may 
th e re fo re  be assumed th a t  the  i . r .  frequencies are  not s ig n i f ic a n t ly  
a f f e c te d  by d is p e rs io n .
T ab les  4 .6  -  4 .8  show the c o r re la tio n  schemes fo r  Cs0ZnCl, and2 q.
th e  (WMe^JgLJCl^ complexes. Although the syranetry of the  s i t e  group 
mode from  w hich each c r y s ta l  mode is  derived i s  determ ined by 
re fe re n c e  to  the  c o r r e la t io n  diagram (Table 4 .2 ) , the id e n t i f i c a t io n  
o f th e  c o r r e la t io n  components of any p a r t ic u la r  s i t e  group mode i s  
made p o s s ib le  in  th e se  cases only by the possib ly  fo r tu i to u s  group­
in g  o f th e  c r y s ta l  modes in to  d i s t in c t  m u ltip le ts .  The approxim ation 
in v o lv ed  in  subsequent c o r re la t io n  w ith  the T^ modes has a lread y  
been m entioned.
B e a t t ie  e t a l^  f in d  evidence in  the Raman s p e c tra  of CSgZnCl^ 
f o r  m ixing of th e  Raman a c tiv e  components of A (V^) a t 293 cm 1 
and th o se  o f a ' ^ )  a t 288 cm"1. The proxim ity of a l l  fou r bands 
(se e  T ab le  4 .6 )  d eriv ed  from the h igher k  (V^) s i t e  group mode 
su g g e s ts  th a t  i f  ap p rec iab le  mixing does take p lace , i t  i s  b e s t 
re g a rd e d  as in v o lv in g  the s i t e  group modes r a th e r  than in d iv id u a l 
symmetry p a i r s  of c o r re la t io n  components. Examination of Table 4 .6  
shows th a t  c o r r e la t io n  s p l i t t i n g s  fo r  CSgZnCl^ are  about 6 cm or 
l e s s ,  w ith  th e  ex cep tio n  of those fo r  the lower A (v^) modes.
In  th e  case  of th e  (M e ^ v lC l^  complexes, in form ation  reg a rd in g  
c o r r e la t io n  f i e l d  e f f e c ts  must come from i . r .  d a ta  alone, s in ce  no 
s in g le  c r y s ta l  Raman d a ta  are  a v a ila b le  fo r  th e se . C o rre la tio n  
schemes f o r  th e  th re e  complexes in v e s tig a ted  are  se t out in  Tables
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T able 4 ;,6 : A ssignm en ts f o r  th e  c r y s t a l  modes* of Cs2ZnCi^
F req u en cy
(cnT1)
302
300
298
298
296
i . a .
288
288
281
288
288
147
141
139
132
128
134 
i .  a .
130
130
116 
116 
1 1 4
113 
113 
110 
i .  a .
C ry s ta l
mode
B
H
’3u
%2
1 u
B2u
E
B1u
a ;
3u
B
A.
B
a|2g
B
1u
B
A
b:
B
B
b:
a ;
b:
b
3u
3u
g
1 u
2g
1g
3g
?g i
'2g J
3u
1u
g
2g
2u
S i t e  group 
mode
mode
J
A W
A* F
a
2 4
a  f re q u e n c ie s  o f g modes tak e n  from. r e f .  4  
i . a .  -  i n a c t iv e
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T ab le  4« 7» A ssignm ents of* th e  bands in  th e  low tem perature s p e c tra  
o f (NMe^) gCoGli^ and (NMe^) 2^nCl^ (freq u en c ies  in  cm ”*),
(NMe^)2^001^ (NMe^gZnCl^ C ry s ta l S i te  group T^ mode
315
310
300
300
301
14-0
135
132
133
295
291
282
276 
282
277 
272 
144
138
139 
134 
132 
130 
120
78
T able 4-* f
of (Nile. ] k-
3: Assignm ents of the  bands in  the  low tem perature s p e c tra
i2o u n  .
F requency
(cm“^)
300 
293 
292 
288 
283 
279
S i te  group D mode
238 
133 
131 
136 
1 3  hr 
130
118
C ry s ta l
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4 .7  and 4 .8 .  The s p l i t t i n g  of some A modes in to  two B components
i s  no t c o n s is te n t  w ith  group th e o re t ic a l  p re d ic tio n s  fo r  the  ordered
D2n s t r u c t u r e > and w il1  be d iscussed  in  S ec tio n  4 .4 .
F o r th e  c o b a lt and zinc s a l t s ,  the  r e la t io n s h ip  between c r y s ta l
modes and f r e e  io n  (Tfl) modes i s  f a i r l y  s tra ig h tfo rw a rd ,, as in
Cs2ZnCl^. These a re  shown in  Table 4 .7 . In  the  case of (NMe ) gCuCl^,
because of th e  g r e a te r  d is to r t io n ,  i t  i s  u se fu l to  take  the  f re e
an ion  symmetry as D2d. The question  of the r e la t iv e  p o s itio n s  of
th e  B2 and E components then  becomes im portant. This s p l i t t i n g  of
th e  T^ modes i s  thought to  r e s u l t  from the inheren t d i s to r t io n  of
th e  CuCl^" io n , and appears in  s o lu tio n  sp e c tra . F o r s te r1^ has
observed th e  two components of V a t 278 and 237 cm™*1 in  n itrom ethane.
3
C orresponding  groups of c ry s ta l  modes a r e ' observed a t around 290 
and 238 cm"'*1 in  (NMe^)2CuCl^, the frequencies having been p ertu rbed  
somewhat by th e  c r y s ta l  f i e ld .  The h igher of these  can be id e n t i f i e d  
as b e in g  d e riv e d  from th e  E(D2d) mode because of the presence of 
com ponents, which a re  absent in  the case of the B mode, as can be 
seen  from  T ab le  4 .2 .  The bending modes can be assigned u sing  the 
same argum ent. The r e s u l t in g  assignments of Table 4 .8  are  c o n s is t­
en t w ith  th e  Raman bands of powdered (NMe^)2CuCl^ repo rted  a t 276,
232, 133 and 114 cm"1, which may now be assigned to  A ^ ^ ) ,  B g (\^ ),
E(\7^) and A>| or B^  (v^) modes of the anion. I t  should be noted 
from  T able 4 .4  th a t  th e  same order of B2 and b(D2d) modes must a lso
app ly  f o r  Cs_CuCl. .
^ 4
The c o r r e la t io n  s p l i t t in g s  in  the (NMe^gMCl^ complexes are  
6 cm™*1 o r l e s s ,  about th e  same as were observed fo r  CSgZnCl^.
B earing  in  mind th a t  th e se  are  estim ated from i . r .  components only, 
t h i s  r e s u l t  i s  somewhat su rp r is in g , s in ce  the inc rease  in  u n it c e l l  
volume and s e p a ra t io n  of the  anions accompanying the s u b s t i tu t io n
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of tetram ethylam m onium  fo r  caesium ions might be expected to  weaken
c o r r e l a t i o n  f i e l d  e f f e c t s .
4.3* (K E t.) rtMCl, Complexes.4  2 4 ------ --------- -
The i . r .  tra n sm iss io n  sp e c tra  of (MEt ) ^ B 1 complexes have 
been in v e s t ig a te d  by a  number of groups. 1>2>16 For the  th re e  
exam ples d e a l t  w ith  h e re , the  c o b a lt, n ick e l and copper complexes, 
th e  r e s u l t s  of Adams e t a l 1 ^ and b a b a tin i and S accon i2 are  in  
re a so n a b le  agreem ent, w hile  C lark  and Dunn1 observe a g re a te r  
number o f bands in  th e  reg ion  in  the  cobalt and copper complexes. 
The powder Raman s p e c tr a  of ( M E t ^ i C l ^  and (N E t^C u C l^  have a lso  
been re p o r te d ,  g iv in g  ^ , s> and <>2 frequencies a t 271, 100 and 
88 cm""1 r e s p e c t iv e ly  in  th e  f o r m e r 1 ^ and a t 277 cnT1 in  th e  
l a t t e r . ^
(10^ 4)200014 and have been the su b jec t of a d e ta i le d
18X -ray  s tu d y  w hich has shown them to  be is o s tru c tu ra l  in  the t e t r a ­
gonal space  group P4,/nm c (D1 5) (Z = 2). As in  the case of the
(NMe ) MCI comDlexes, th e re  i s  evidence fo r  o r ie n ta tio n a l d is o rd e r -  
4  2 4
in g  of b o th  an ion  and c a tio n . However, whereas the d is to r t io n  of 
th e  an ions d isc u sse d  in  th e  prev ious se c tio n  took the form of 
f l a t t e n i n g  o f th e  te tr a h e d ra l  an ions, in  the  tetra-ethylam m onium  
s a l t s  th e y  a re  te tra g o n a l ly  elongated , g iv ing  in  the case of
a O
(NEt J ^ i C l ^ ,  f o r  in s ta n c e , two angles of 106.83 and four of 110.81
f o r  th e  N iC l2” io n .4
Because of th e  h ig h er symmetry of th i s  s tru c tu re ,  the r e s u l t s
of f a c to r  group a n a ly s is ,  summarised in  Table 4,9> s**6 sim pler than
fo r  th e  s t r u c tu r e .  The in te rn a l  modes of the  tetraethylammonium
-1
ion  a re  ig n o re d , s in ce  th ese  would not be expected oelow 400 cm •
A c o r r e l a t i o n  diagram  fo r  the anions on s i-1:es s h°vm in
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Table 4*9* F a c to r  group a n a ly s is  of (NEt^) cc)niplexes with, space
group D ^ .
A1g A2g B1g B2g Eg A1u A 2 u  B1U B 2 u  Eu
N 3 2 4 2  8 2 ^ 2 3 8
Ta  1 1
T 1 2 3 1 1 2
R 1 1 2  1 1 2
R_ 1 1 1  1
N.  2 2 1 2 1 2 2 2
1
I . r .  a c t i v i t y  z (x ,y )
2_
T able 4* 105 C o r re la t io n  diagram  fo r  the M31^ i ° ns i-n ( ^ ^ 4) 2^ ^  
con ^ lex es.
F ree  ion  S i te  Unit c e l l
Ta D2d D4h
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T able 4*10. I t  w i l l  be seen from th is  th a t one component of
o and O shou ld  be p re sen t in  each of the and E s o e c tra  J 2u u " 9
w h ile  none o f e i th e r  ^  or \> w i l l  be observed.
No s t r u c t u r a l  d a ta  are  as yet av a ila b le  fo r  (NEt ) CuCl *
4  2 4
R e s u lts  and D isc u ss io n
The r e f le c ta n c e  s p e c tra  of (NEt ) 0CoCl and (NB ) NiCl
4 2 L 2 4
w ith  th e  in c id e n t  r a d ia t io n  p o la rise d  p a ra l le l .a n d  p erp en d icu la r 
to  th e  c r y s ta l lo g ra p h ic  c ax is  (g iv ing  A and modes re sp e c tiv e ly )
a l l  showed one band in  the M-Cl s tre tc h in g  reg ion  and one in  the 
bend ing  re g io n , as expected, w ith  a broad l a t t i c e  band extending 
below  100 cm”^. The freq u en c ies  and assignments of the  bands 
observed a re  g iven  in  Table 4 .11 .
At room tem p era tu re , the s p e c tra  of these  complexes a re  
v i r t u a l l y  independent of the  d ire c tio n  of p o la r is a t io n , w hile a t 
105K th e y  e x h ib i t  th e  expected A ^ ^ u  s p l i t t in g ,  although th i s  i s
-1T able 4.11 s' F requencies (cm ) and assignments of re f le c ta n c e  bands 
in  th e  i . r .  s p e c tr a  of th e  (N E t^g^C Q conp lexes.
(NEt,
ri*
O•H (NEt^) 20cC\ C ry s ta l
l . t . r . t . l . t . r . t . mode
288 284 304 295 3CM
290 284 299 295 Eu
104 100 . 133 128 A 2 u
103 100 127 126 Eu
mode
B2
E
A,2u
E
mode
4
l . t . -  low tem peratu re (105K); r . t . -  room tem perature.
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s t i l l  ve ry  sm a ll fo r  the  n ic k e l complex. In  the low tem perature 
s p e c t r a  o f n a tu r a l  (1O1) face s  of c ry s ta ls  of both complexes, w ith  
th e  in c id e n t  r a d ia t io n  p o la ris e d  p a r a l le l  to  the p ro je c tio n  o f th e  
c -a x is  on th e  r e f le c t i n g  face  two sharp peaks are  observed in  the  
M-Cl s t r e t c h in g  re g io n , separa ted  by deep minima. These occur a t 
287 and 301 cm 1 fo r  (NEt^) gNiCl^ and 300 and 307 cm fo r  (N E t^ C o C l^ . 
A lthough th e  appearance of an and an E^ component of 0^ in  each 
o f th e se  s p e c t r a  i s  not s u rp r is in g , s ig n if ic a n t  d if fe re n c e s  between 
th e se  fre q u e n c ie s  and those from the sp e c tra  of p rim itiv e  (100) 
fa c e s  (T ab le 4*11) w i l l  be noted, and the l a t t e r  must be regarded  
as a c c u ra te  w ith in  th e  sm all e r ro r  involved in  the use of re f le c ta n c e  
maxima. An ex p la n a tio n  of th i s  behaviour w i l l  be found in  C hapter 5 .2 . 
The powder i . r .  spectrum  of (NEt^JgCuCl^ was recorded , and
showed a  peak a t 269 w ith  a  shoulder a t 248 cm"1 corresponding to
2 — 1 of th e  CuCl^ io n , two bands at 141 and 120 cm-1 , and' a  l a t t i c e
band a t  77 cm"1.
I t  i s  not p o s s ib le  to  observe any c o rre la tio n  coupling in
(N Et^)2CoCl^ or (NEt^) j^NiCl^ from the i . r .  sp e c tra  alone. The
powder Raman spectrum  of the n ick e l complex i s  rep o rted 1^ to  have
th re e  bands a t  271, 100 and 88 cm"1 assigned to  V , and ,
The freq u en cy  of the  band, which could be due to  the or E^
component, o r b o th , co inc ides w ith  the room tem perature i . r .
freq u en cy , which i s  12 cm"1 lower than th a t p rev iously  rep o rte d .
The d e te rm in a tio n  of c o r re la t io n  f ie ld  e f fe c ts  in  these  systems
must th e re fo re  aw ait low tem perature p o la rise d  Raman d a ta .
A lthough th e  frequency of the \>2 band observed m  the  Raman
spectrum  o f (NEt^_)gNiCl^ i s  c lo se  to  th a t of the band m  the i . r .
sp e c tru m  t e n t a t i v e l y  a s s ig n e d  by S a b a tin i  and Saccon i to  th e  same
mode, i t  i s  c l e a r  from T able  4 .1 0  th a t  group th eo ry  p re c lu d e s  th e
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p o s s i b i l i t y  o f any i . r .  a c t iv e  components 0f
In  view  of th e  r e s u l t s  of the p resen t s in g le -c ry s ta l  study , 
th e  s p l i t t i n g  o f th e  V mode of (NEt,) CoCl, by 19 cm-1 reo o rted
4 2 4  ^  ■
by C la rk  and Dunn1 must be regarded w ith  re s e rv a tio n s . I t  i s  
i n t e r e s t i n g  to  n o te  th a t  the same authors observe th re e  components 
of s>3 in  th e  powder spectrum  of (NEt ^C uC l^ , which would in d ic a te  
a s t r u c tu r e  o th e r  th an  D ^ .  The r e s u l t s  of th i s  work, to g e th e r 
w ith  th o se  o f o th e r  groups on th is  complex, however, are com patible 
w ith  i t s  b e in g  i s o s t r u c tu r a l  w ith  the cobalt and n ick e l complexes.
In  th e  f a i r l y  complex transm ission  spectrum of th in  (NEt ) 0CoCl,
4  2 4
c r y s ta l s  above 400 cm , a group of th ree  sharp, weak bands a t 593, 
556 and 537 cm"”1 can be assigned  w ith  some confidence to  two-phonon 
com binations o f Co-Cl s t r e tc h in g  modes, these being 2V , 4- v?
j  1 3
and 2\^  r e s p e c t iv e ly .  This p laces  ^  a t 260 cm"1. The sharpness 
of th e se  bands in d ic a te s  th a t the v ib ra tio n s  involved have r e la t iv e ly  
f l a t  d is p e r s io n  cu rv es , which supports the d is t in c t io n  between 
in t e r n a l  and l a t t i c e  modes in  such system s, and suggests only weak 
co u p lin g  between th e  v ib ra t io n s  of neighbouring anions.
4»4i E f f e c ts  of O r ie n ta tio n a l D iso rder on the S p ec tra  of the. 
Tetra-alkylam inonium  Complexes
The marked absence a t room tem perature of fa c to r  group 
s p l i t t i n g  o f most of th e  in te rn a l  modes in  the tetra-alkylaramonium 
complexes d isc u sse d  in  the  preceeding sec tio n s  has been noted.
T h is  may be a t t r ib u te d  to  the  o r ie n ta t io n a l  d iso rd erin g  p o s tu la ted  
in  th e se  s y s te m s .1^ 18 The e ffe c t of such d iso rd er on the 
v ib r a t io n s  of the  anions would be to  perm it a continuous band of 
i . r .  modes spanning  th e  range of d isp e rs io n  (dynamic as opposed to
19
e le c tro m a g n e tic )  o f each of the  fundamental v ib ra tio n s . The 
r e s u l t a n t  broaden ing  would appear to  be s u f f ic ie n t  to  o b l i te ra te
85
most of th e  p re d ic te d  s p l i t t i n g  of th e  Td modes of the  an ions,
except f o r  th e  g ro s s ly  d is to r te d  CuClp" ion .
The e f f e c t  of d iso rd e r  on the l a t t i c e  mode s p e c tra  i s  even
more marked. In  c o n tra s t  to  the  sharp l a t t i c e  bands of th e  Cs MCI
2 4
com plexes, th e  l a t t i c e  spectrum  of each of the t e t r a — a lk y l ammonium
s a l t s  shows a  b road , alm ost fe a tu re le s s  r e f le c t io n  band. This again
p ro b ab ly  co rresponds to  a "d en s ity  of s ta te s "  spectrum a r is in g  from
th e  breakdown of the  zone-cen tre  (k = 0) approxim ation ( i . e .  a l l
l a t t i c e  modes w ith in  th e  B r il lo u in  zone are  allowed to  in te r a c t
w ith  i . r .  r a d ia t io n ) .
W hile l i t t l e  change takes p lace in  the low frequency reg io n
a t low te m p e ra tu re , th e  bands above 100 cm’"1 in  a l l  the  s p e c tra
become c o n s id e ra b ly  sh a rp e r , and in  some cases are  s p l i t  in to  two
or th r e e  com ponents. For the te tra g o n a l (NEt ) MCI complexes,4 2 4
th e  low tem p era tu re  s p e c tra  are in  accordance w ith  the p re d ic tio n s  
made, bu t (NMe^) 2CuCl^ and (NMe^)2ZnCl^ show ad d itio n a l s p l i t t i n g  
o f B2u bands, w hich i s  not expected from group th e o re tic a l  consider­
a t io n s .  These fe a tu re s  are  not com patible w ith  the d i f f r a c t io n  
symmetry a t  th e  MC1^“ s i t e s  in  these  s tru c tu re s .  In  view of the  
s im i l a r i t y  o f th e  s p e c tra  of the  th ree  (NMe^JgMDl^ complexes, i t  
w i l l  be assumed in  th e  fo llow ing  d iscu ssio n  th a t the copper complex 
i s  i s o s t r u c t u r a l  w ith  the o ther two.
One p o s s ib le  reason  fo r  the  e x tra  B ^  bands i s  th a t the  u n it 
c e l l s  chosen a re  too  sm all, as suggested^ by the X -ray d i f f r a c t io n
p a t te r n  of (NMe ) CuCl,. I f  th is  were the  case, a d d itio n a l s p l i t t i n g  
4  2 4
of th e  B^u and B^u modes might a lso  be expected. A more l ik e ly  
e x p la n a tio n  in v o lv es  the  removal of m irror planes p a r a l le l  to  (010) 
caused by s l i g h t  r o ta t io n a l  displacem ents of the MCl^ te tra h e d ra .
T his i s  supp o rted  by th e  shapes of the therm al e l l ip s o id s  obtained
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from  X—ra y  o tud ies*  Xn p r in c ip le  th i s  v/ould give r i s e  to  nine
i . r .  a c t iv e  in t e r n a l  modes in  each of the th ree  c r y s ta l  o r ie n ta tio n s
by red u c in g  th e  s i t e  symmetry of th e  anions to  C . For sm all
1
d e v ia t io n s  from  m irro r  symmetry, some of these modes would be very
w eakly d ip o le  a c t iv e ,  so th a t the  sp e c tra  would show l i t t l e  change
from  th o se  o f th e  more symmetric s tru c tu re .  The e x tra  B bands
2u
may be reg ard ed  as th e  only observable fe a tu re s  r e s u l t in g  from the
re la x a t io n  o f s e le c t io n  ru le s  caused by the s l ig h t  v a r ia tio n s  in
2—th e  o r ie n ta t io n s  of th e  ^ 1 ^  ions r e la t iv e  to  the m irro r plane of 
D ^ .  T h is  v a r i a t io n  could be random, producing pseudo-symmetry in  
th e  space  group or Pe r i ° ^ i c i*1 . S ince th e  l a t t e r  s t ru c tu re
le a d s  to  th e  t r i v i a l  r e s u l t  of a l l  s i t e  group modes having a component
of each  symmetry, i t  i s  more m eaningful to  r e fe r  the  c ry s ta l  modes
of th e  (WLe^) complexes to  the s tru c tu re ,  bearing  in  mind
th e  sm all o r ie n ta t io n a l  e f f e c ts .
Recent h ea t c a p a c ity  m easurem ents^ have revealed  tr a n s i t io n s  
in  th e  range  125 -  30C& in  a l l  of the  tetra-alkylammonium complexes. 
These a re  though t to  invo lve re o r ie n ta t io n  of the ions , although the 
ex ac t s t r u c t u r a l  changes proposed by the  authors req u ire  ra th e r  
d r a s t i c  rearrangem en t of c ry s ta l  packing in  a l l  cases, fo r  which no 
ev idence can be found in  the p resen t work. The fa c t th a t no 
t r a n s i t i o n s  were observed below 125K does not ru le  out the p o s s ib i l i ty  
of r e s id u a l  d is o rd e r  a t lO^K, since  fu r th e r  tr a n s i t io n s  may be too 
d if fu s e  to  be observed.
!*+5} Complexes
A lthough the  s to ich e io m etry  of th e  A^MCl^ (A = Cs, M = Fe, Co, Ni; 
and R b ^ C o C lc o m p le x e s  might suggest a  pentacoordinate  anion, they 
in  f a c t  c o n ta in  approxim ately  te tra h e d ra l  MCl^ ions, w ith  an equail
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number o f  f r e e  c h lo r id e  io n s . They a re  i s o s t r u c t u r a l p , 2 l “ 2^
w ith  sp a ce  g roup  Imcm (dJ®) (Z = 4) .  The only  d e ta i le d  X -ray
s tu d y 22 t o  have been c a r r ie d  o u t, on Cs^eoCl , shows th a t  in  t h i s
com plex a t  l e a s t ,  th e  d i s t o r t i o n  of th e  CoCl^~ ion  ta k e s  th e  form
o f a  s l i g h t  t e t r a g o n a l  e lo n g a tio n , as in  the  case  o f th e  (NEt^)gMDl^
com plexes, g iv in g  a n g le s  o f 10& 0°and 111*2.° L ayers of caesium  and 
2-
MCl^ io n s  p e rp e n d ic u la r  to  th e  te t r a g o n a l  a x is  a l t e r n a t e  w ith  la y e r s  
composed e n t i r e l y  o f  caesium  and f r e e  c h lo r id e  io n s . Cs,CoBr has
3 5
been  shown to  adop t th e  same s t r u c t u r e .2^
(N M e^^)^CuC l,- a l s o  c o n ta in s  equal numbers of CuCl2” and c h lo r id e
26io n s ,  th e  s t r u c t u r e  i n  t h i s  ca se  be in g  the  l e s s  sym m etric Pnma 
( D ^ )  (Z = if)* The CuCl2” io n s  occupy Cg s i t e s ,  and a re  no tew orthy  
in  th a t  th e y  have th e  l a r g e s t  r e p o r te d  d i s to r t i o n  from  T^ symmetry
o o
o f any o f  th e  c h lo ro c u p ra te s ,  w ith  Cl-Cu-Cl ang les  of 97*7* 98 .6 ,
135*5 and 136 .1 .
The r e s u l t s  o f a  f a c to r  group a n a ly s is  on th e  Cs^CoCl^ s t r u c tu r e  
a re  g iv e n  i n  T a b le  4*12. The c o r r e la t io n  o f the  c r y s ta l  modes w ith
T a b le  4-. 12: F a c to r  group a n a ly s is  o f th e  A^MCl^ complexes w ith
tJ 8space group D ^ .
A1g A2g B1g B2g Eg V  A2u B1u B2u Bu
N 3 3 2 4 6 2 6 3 1  9
1 1
1 2 3 1 3 1 5
Ta
N.  21
2
1 1 
2
I . r .  a c t i v i t y
(x»y)
th e  v ib r a t io n s  of th e  te tr a h e d ra l  anions i s  id e n tic a l  to  th a t 
shown in  T ab le  4 .1 0  fo r  the  te tra g o n a l (NBt^gMCIl complexes, 
s in c e  th e  s i t e  group i s  th e  same in  both s tru c tu re s .  Again, only 
s>3 and should  be observed in  the i . r . ,  the re  being one component 
of each  in  th e  A2u and Eu sp e c tra . Only the spectrum of Cs^CoCl 
has p re v io u s ly  been exam ined,1 and one band observed a t 309 cm“^.
F o r (NMe2H2) 3CuCl3, the c o rre la tio n  diagram of Table 4 .2  i s  
a p p l ic a b le .  No d isc u ss io n  of l a t t i c e  v ib ra tio n s  in  th i s  complex 
w i l l  be und ertak en .
R e s u lts  and D isc u ss io n
The fre q u e n c ie s  and assignm ents of the bands observed in  the 
i . r .  a b so rp tio n  s p e c tr a  of powdered samples of some A^MCl^ complexes 
a re  g iven  in  T able 4.13» to g e th er w ith  approximate values of ^ 
c a lc u la te d  from  th e  O + \> combination bands. The sp e c tra  are
1 3
v e ry  s im i la r  to  th o se  of the  corresponding complexes, and
show l i t t l e  ev idence fo r  the p red ic ted  c ry s ta l  s p l i t t in g  of the T^
modes, excep t in  th e  copper complexes. The s tru c tu re  of Cs^CuCl^
i s  no t known, bu t in  view of the s im ila r i ty  of the  spectrum to  th a t
o f CsQCuCl, , i t  i s  reasonab le  to  assume th a t i t  con ta ins d is to r te d  £ 4
CuCl?" te t r a h e d r a .  I t  a lso  seems l ik e ly  th a t Cs ZnCl i s  i s o s t r u c t -  
4  > D
u r a l  w ith  th e  c o b a lt complex.
0
The b lu e  compound Cs^NiCl^ decomposes below 417 C to  give CsCl 
and red  C sN iC l^ ,^  in  which the  n ic k e l is  o c tahed ra lly  coord ina ted . 
Even in  quenched sam ples, th is  decomposition was found to  proceed 
f a i r l y  r a p id ly ,  so  th a t  th e  lower frequency bands>_of the pen tach lo ro - 
were obscured by th e  abso rp tions of the decomposition p roducts. As 
a r e s u l t ,  on ly  one band a t  304 cnT' could be a t tr ib u te d  w ith  c e r ta in ty  
to  Cs3N iC l5, s in c e 'n o  band occurs above 290 cm-1 in  the  i . r .  sp e c tra
T able 4 . 13: I . r .  ab so rp tio n  frequencies (cn f1) of complexes.
Cs^FeCl 3 5
L a t t ic e
83 12f 300
v i
312
Cs^CoCl^ 82
IkT“*
COC\J
r* 312 30 6
Rb-jCoClp. 93 137 315 300
C s,N iC l
3 5 302f
Cs-CuCl 
3 5
60, 71 120, 132 271, 288 225
Cs^ZnCl^ 74, 85 132, 143 295 288
(NMe2H2) 5CuCl '  - 113, I8if 242, 304 -
Si c a lc u la te d  from the combination band V + \4
1 ■>
b one o f th e se  bands i s  due predom inately to  V , the
4
o th e r  to  a  l a t t i c e  mode (see te x t)
o f CsNiCl-, o r CsGl.j
The p o la r is e d  i . r .  sp e c tra  of s in g le  c ry s ta ls  of Cs,CoCl_ and
3 5
Cs^GoBr^ were recorded  w ith  the in c id en t ra d ia tio n  p o la ris e d  p a r a l l e l  
and p e rp e n d ic u la r  to  th e  e a x is , g iv ing  modes of and E^ symmetry 
r e s p e c t iv e ly .  The s p e c tra  of the ch lo ride  are shown in  P ig . if. 3, 
w h ile  th e  fre q u e n c ie s  and assignments fo r  both are  given in  Table if. 14. 
The in t e r p r e t a t i o n  of these  sp e c tra  i s  s tra ig h tfo rw ard  apart from 
th e  occu rrence  of two Bu bands in  the  M-X bending reg io n , which re q u ire s  
comment. Only one E^ component of 0 ^  is  expected in  th is  reg io n , so  
th a t  th e  e x t r a  band i s  undoubtedly due to  a l a t t i c e  mode o f unusually  
h igh  freq u en cy . C onsidera tion  of the s tru c tu re  of th ese  complexes 
su g g e s ts  a reason  fo r  th i s  behaviour. S ince the l a t t i c e  i s  composed 
of a l t e r n a t e  (001) la y e rs  of com position Cs2Cl and Cs(CdX^), i t  i s
90
1
R
40 400 cm
F ig u re  4 .3 s  I * r .  re f le c ta n c e  sp e c tra  of C s^CoCl^crystals.
‘2u
t
R
F ig u re  4 .4 :  I . r .  re f le c ta n c e  s p e c tra  of K ^ tC l^  c r y s ta ls .
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T able 4 . 14s I . r .  r e f le c ta n c e  bands (cm ) of Cs^CoX^_ s in g le  c r y s ta l s .
CsxCoCl._ 3 5 Cs.,CoBr 3 5 Symmetry mode
317
312
247
239
^2u
Eu
133 109 A02u
133 108 E
u \  +
124 104 u J l a t t i c e
89 68 3CM
<
83
A 2 u l a t t i c e►
79 63 Eu modes
39 Eu J
p o s s ib le  to  env isage a  l a t t i c e  mode invo lv ing  displacem ents normal 
to  the  c a x is  o f atoms in  the  Cs^Cl la y e rs  only. I t  i s  p la u s ib le  
th a t  co u p lin g  of v ib ra t io n s  invo lv ing  coplanar d isplacem ents of th e
p _CcX. io n s  w ith  such a  mode would be sm aller than in  the case of b-
th e  A2u modes in  which displacem ents are  normal to  the  la y e rs .
Thus one Eu mode might be expected in  which an ion ic  motion was 
con fin ed  alm ost e n t i r e ly  to  the f re e  h a lid e  ions , r e s u l t in g  in  a
n
h ig h e r freq u en cy  than when the  more massive ions are  involved .
T his e f f e c t  o f f re e  h a lid e  ions on l a t t i c e  mode frequencies has 
a lre a d y  been encountered in  the AHgX  ^ complexes d iscussed  in  C hapter 3»4« 
Because of the  s im ila r i ty  in  frequency, apprec iab le  mixing i s  
l i k e ly  betw een th i s  l a t t i c e  mode and the component of of the
CdX.2"  io n . Indeed , frequency s h i f t s  on going from the ch lo rid e  to  
4
th e  brom ide, and on low ering the tem perature, when s im ila r  changes
92
a re  induced in  b o th  bands, rev ea l no d if fe re n c e  in. c h a ra c te r  
between th e  two bands. I t  must be assumed th a t bo th  are  hybrid  
in te r n a l - 1  a t t i c e  modes, so th a t th e re  i s  no ju s t i f i c a t io n  fo r  
assignm ent to  one or o th e r of th e  modes involved.
if. 6: In f lu e n c e  of C ry s ta l F ie ld  E ffe c ts  and D is to r t io n  on th e
V ib ra tio n s  of th e  MClj~~ Ions
The r e s u l t s  of the  fo rego ing  se c tio n s  now perm it some d isc u ss io n  
o f th e  mechanisms governing s p l i t t i n g  of the  c r y s ta l  modes. T his 
d is c u s s io n  fo llo w s two main l in e s .  The f i r s t  of th e se  i s  o f g en e ra l 
i n t e r e s t  and r e l a t e s  to  th e  behaviour of v ib ra t io n s  of i s o la te d  
po lya tom ic groups in  the s o lid  s ta t e ,  w hile th e  second i s  of p a r t i c u la r  
i n t e r e s t  in  system s co n ta in in g  te tr a h e d ra l  sp ec ie s , and concerns th e  
e f f e c t s  o f d i s to r t io n  on th e  v ib ra tio n s  of the  te tra h e d ra .  This 
d i s t i n c t i o n  i s  to  some ex ten t a rb i t r a ry ,  s ince  a l l  d is to r t io n s  are  
due a t  l e a s t  p a r t ly  to  c ry s ta l  packing fo rc e s .
One type of c r y s ta l  f i e ld  e f f e c t ,  th a t of c o r r e la t io n  coup ling  
in  th e  caesium  and tetramethylammonium te tra c h lo ro m e ta lla te s ,  has 
a lre a d y  been analysed in  S ec tio n  ^-.2* Before proceed ing  to  a 
d is c u s s io n  of s t a t i c  f i e ld  e f f e c ts ,  i t  i s  necessary  to  ob ta in  
f re q u e n c ie s  fo r  th e  s i t e  group modes corresponding to  the s e ts  of 
c o r r e la t io n  m u l t ip le ts .  I f  th e  sm all e f f e c t  of coupling  between 
tr a n s la t ib n a lly y e q u iv a le n t  ions i s  n eg lec ted , th e se  may be c a lc u la te d  
w ith  rea so n ab le  accuracy from th e  weighted mean of the  freq u en c ie s  
of t h e i r  c o r r e la t io n  components. However, in  a l l  cases except 
CSgZnCl^, d e ta i le d  Raman d a ta  are  lack in g , so th a t th ese  c a lc u la t io n s  
must be based on the i . r .  freq u en c ies  alone. That th i s  procedure 
does not g ive  r i s e  to  major d isc rep a n c ie s  can be seen from the d a ta  
f o r  CS2ZnCl4 in  Table 4 .6 , where igno ring  the  Raman freq u en c ie s  le ad s
f ( '■ A
to  d if fe f r jb c e s  of le s s  than 3 cm from the  values c a lc u la te d  from 
i . r .  and Raman fre q u e n c ie s  to g e th e r.
T ab le  shows the  s h i f t s  in  the s tr e tc h in g  frequency  from
th o se  of th e  f r e e  ion  in  so lu tion*  and the removal of degeneracy due 
to  th e  s t a t i c  c r y s ta l  f i e ld  in  a number of system s. In  g e n e ra l, 
th e re  i s  an in c re a se  in  frequency on going from s o lu tio n  to  th e  
s o l id  s t a t e ,  th i s  s h i f t  being g re a te r  fo r  the sm alle r c a t io n s ,  as 
in  th e  case o f the  copper complexes (where the frequency o f th e  
u n d is to r te d  ion  would be the  mean of the d is to r te d  ion  v ib r a t io n a l  
f re q u e n c ie s ,  ta k in g  any p o ss ib le  degeneracies in to  accoun t). These 
tre n d s  are  not u n iv e rs a l ly  a p p lic a b le , as can be seen from th e  t e t r a -  
alkylammonium te tr a c h lo ro z in c a te s ,  which have lower s t r e tc h in g  
fre q u e n c ie s  than  th e  ion  in  s o lu tio n .
A lthough such la rg e  s p l i t t in g s  as are  observed fo r  th e  mode 
o f th e  copper complexes cannot be explained so le ly  on the  b a s is  of 
th e  s t a t i c  f i e l d  (u n less  th i s  i s  in te rp re te d  lo o se ly  enough), i t  i s  
p o s s ib le  a t  th i s  s tag e  to  examine the  sp e c tra  w ith  a view to  determ in­
in g  th e  p r in c ip le  coupling  mechanism g iv in g  r i s e  to  s o lid  s t a t e  
s p l i t t i n g .  S in ce  almost complete d a ta  a re  a v a ila b le  fo r  Cs^ZnCl^, 
t h i s  i s  obv iously  th e  most f r u i t f u l  example to  co n sid er. The p o in t 
o f i n t e r e s t  l i e s  in  a comparison of the  s p l i t t i n g  of th e  weakly and 
s tro n g ly  d ip o le  a c tiv e  modes, which should re v e a l the r e l a t iv e
pO
im portance o f d ip o la r  and sh o rt range in te r a c t io n s .  C ry s ta l 
modes d e riv e d  from and Vg of the te tr a h e d ra l  anion would be 
expected  to  be only weakly i . r .  a c tiv e , and th i s  i s  confirm ed by 
th e  observed in t e n s i t i e s .  (A more accu ra te  measure of s t r e n g th  would 
be g iven  by the  band w id ths, but a d isp e rs io n  an a ly sis  would be 
re q u ire d  to  determ ine th e se .)  The most u se fu l s e ts  of c r y s ta l  modes 
f o r  com parison would seem to  be those derived  from \?p but
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i t  must be reco g n ised  th a t  d if fe re n c e s  in  the o r ig in a l  degeneracies
o f th e se  fundam entals, to g e th e r  -with the d is to r t io n  of th e  anion
would make a  d i r e c t  comparison m islead ing . In  a n t ic ip a t io n  of th e
c o n c lu sio n s  of th e  d isc u ss io n  on the e f fe c ts  o f d i s to r t io n  of the
te t r a h e d r a l  symmetry of the  anion, i t  w il l  be assumed th a t the
n /
components o f th e  A and lower A s i t e  group modes of ( i . e .  exclud ing
th o se  above 12f0 cm"1) a re  comparable to  those of D esp ite  th e
f a c t  th a t  th e  c o r r e la t io n  s p l i t t i n g  of th e  A ( l^ )  s i t e  group mode
i s  th e  la r g e s t  observed in  th i s  work, a comparison of the  s p l i t t i n g
o f th e  v> (E) and \) (F ) modes suggests th a t  a l th o u g h .i t  i s  la rg e r  c. /L
f o r  th e  s t ro n g ly  d ip o le  a c t iv e  modes, the d iffe re n c e  i s  not g re a t 
enough f o r  such s p l i t t i n g  to  be due to  d ip o la r  coupling a lo n e , but 
th a t  sh o rt range or s t e r i c  in te ra c t io n s  must p la y  an ap p rec iab le  
p a r t  in  th e  coup ling  mechanism.
In  S e c tio n  1±.2 i t  was e s ta b lish e d  th a t fo r  (NMe^)^GuCl^ and
t $Cs2CuCl^, in  w hich the  anions are  su b jec t to  a la rg e  te tra g o n a l 
f l a t t e n i n g ,  th e  D2(j modes derived  from occur in  the order 
w h ile  f o r  s>. th e  o rd er i s  rev ersed . The only assumption n ecessary
*4-
was th a t  th e  B2 -  E se p a ra tio n  i s  g re a te r  than the  s i t e  group s p l i t t i n g  
o f the  E component ( fo r  (NMe )^ gCuCl^ these  are  re s p e c tiv e ly  55 cm 1 
and 8 cm"1) .  These assignm ents are  not in  agreement w ith  th o se  of 
B e a t t ie  e t a l , ^  who propose the rev e rse  order fo r  both ^  and in  
Cs0CuCl, from  Raman d a ta . The adoption of a l te rn a t iv e  assignm ents 
o f th e  c r y s ta l  modes in  the  bending reg ion  in  terms of the  D2d modes 
r e a d i ly  b r in g s  th e se  in to  l in e  w ith  the  i . r .  d a ta . In  the s tr e tc h in g  
re g io n , an ex trem ely  weak band a t 253 cnl 1 assigned  to  and 
components of E(v>p mnst be regarded as sp u rio u s , s in ce  the  co rrespond-
r 1
I t  should  in  p r in c ip le  be p o ssib le  to  determ ine the magnitude
in g  B c o r r e la t io n  component occurs a t 296 cm" in  the i . r .  spectrum . 
2u
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of th e  B2 -  E s p l i t t i n g s  fo r  the  o ther orthorhom bic AglCl^ complexes
in  a  s im i la r  manner, but in  a l l  except the copper complexes th e  sm all
rhombic d i s to r t io n  superimposed on the  te tra g o n a l f la t te n in g  of th e
te t r a h e d r a l  anions becomes s ig n if ic a n t ,  so th a t th e  e f f e c t iv e  as
w e ll  as form al s i t e  symmetry is  Cg, This causes fu r th e r  s i t e  group
s p l i t t i n g  o f th e  E(D2d) modes to  be of the  same magnitude as B — E
s p l i t t i n g ,  and th e se  two e f fe c ts  cannot be re a d ily  d is tin g u ish e d  in
a l l  cases  due to  the  am biguity in  the  assignment of k  (Cs ) modes to
e i th e r  Bg or E d is to r te d  ion modes. To avoid any a r b i t r a r y  a ttem p ts
a t assignm ent, th e  A7 (Eg) A/ (Fg) sep a ra tio n  w il l  be taken  as a
m easure of th e  s p l i t t i n g  accompanying the i r r e g u la r  d i s to r t io n  of
th e  MClf" io n s . t
4
F or th e  te tra g o n a l  CsyiCl^ and (NEt^)2IC l^  complexes, no such 
d i f f i c u l t i e s  a r i s e ,  s in c e  the  s i t e  symmetry i s  th e  same as th a t o f 
th e  te t r a g o n a l ly  e longated  io n s , v iz . I^d* ^ ese c a se s , s in c e
only one c r y s ta l  mode corresponding to  each of the B2 and E s i t e  
group modes i s  observed, i t  must be assumed th a t the  Agu * c r y s ta l  
mode s p l i t t i n g  o f fe rs  a reasonab le  in d ic a tio n  of the  B2 — E s t a t i c  
f i e l d  s p l i t t i n g ,  b ea rin g  in  mind th e  sm all e r ro rs  l i k e ly  to .a t t e n d  
th i s  approxim ation .
T ab le  4 .1 6 s e ts  out the v a r ia t io n  in  the s p l i t t i n g  of the  asymmetric
2—mode w ith  th e  degree of d is to r t io n  of th e  MOl^ te tr a h e d ra  m
v a r io u s  complexes. The d is to r t io n s  a re  measured as th e  d if fe re n c e
between th e  te t r a h e d ra l  angle and the Cl-wI-Cl angle b is e c te d  by th e
Sv- a x is  o f (p o s it iv e  s ig n s  i n d i c a t e . f la t te n in g ,  and neg a tiv e
4  2d
s ig n s  e lo n g a tio n  of th e  te tra h e d ra ) .  I t  can be seen from those  cases 
w hich perm it d e f in i te  assignment of the B2 and E modes th a t  p ro g re ss iv e  
f l a t t e n i n g  of the  te tra h e d ra  produces in c re a s in g  s p l i t t i n g ,  th e  o rder 
in  t h i s  case  p la c in g  the  E component above Bg, w hile fo r  th e  e longated
T able 4 . 16: T e trag o n a l d is to r t io n  of th e  1©1?“ io n s  in  v ario u s
4
com plexes, and th e  observed s p l i t t i n g  of \4,.
D is to r t io n 3, S p l i t t in g
(degrees) of s^ (cn f
(NMe2H2) 3CuCl3 26b 62
(NMe^)2CuCl^ 20° 55
CsoCu01 
^ 4 13° 55
(NMe^gCoCl^ 3 .3 d 13
2 .6d 13
( N E t p ^ i C ^  - -2 .6 e 2
( m ^ c o c i ^
Cs,CoCl_
3 5
-3.5®
-5.5
5
5 "
a  see  te x t d r e f .  ,14 :
b r e f .  26
e r e f .  18
G r e f .  B
f r e f .  22
te t r a h e d r a  t h i s  o rder i s  rev ersed . (N Bt^gNiCl^ i s  an apparent 
ex c e p tio n  to  t h i s  r u le ,  but th e  s p l i t t i n g  i s  sm all (2 cnf^) and 
about th e  same as th e  a n tic ip a te d  e r ro rs  in  e s tim a tin g  th e  s i t e  
group fre q u e n c ie s .
These f in d in g s  are  e n t i r e ly  in  accord w ith  the re c e n tly  
p u b lish e d  th e o r e t ic a l  c a lc u la tio n s  of Harvey and McQuaker on th e  
s p e c t r a  of d is to r t e d  BH£ and NH£ io n s .29 They a lso  f in d  th a t  th e  
o rd e r o f s p l i t t i n g  of th e  bands i s  opposite to  th a t of th e  
s t r e t c h in g  modes, as has been shown above in  th e  case of (Hlvle^)gCuOl^ 
and Cs2CuCl^. In  th e  o th e r MCI2" system s, v a r ia tio n s  in  the
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s p l i t t i n g  o f tend  to  be obscured by p o s s ib le  m ixing w ith  l a t t i c e  
modes,
p_
Now th a t  th e  m agnitude of th e  v a r ia t io n  in  '0^ s p l i t t i n g  o f MCl^ 
io n s .w i th  an g u la r  d i s to r t io n  i s  e s ta b l is h e d , i t  i s  i n t e r e s t i n g  to  r e -
p
examine th e  s p e c tr a  of some of th e  CuCl£ sp e c ie s  in  T ab le 4*15 to
p
see  what l i g h t  i s  shed on th e i r  shape. The CuClJ""* io n  i t s e l f  e x h ib i ts
a  s p l i t t i n g  o f 41 cm in  s o lu tio n ,  w hich would r e s u l t  from  a  d i s to r t i o n
s l i g h t l y  g r e a te r  than  th a t  of th e  io n  in  Cs CuCl . In  (NEt. ) 0CuCl.
2 4  4  2 4
and Cs,CuCl_, powder s p e c tr a  re v e a l sm a lle r  s p l i t t i n g s  of ap p rox im ate ly  J D
21 and 17 cm""* r e s p e c t iv e ly .  S ince  in  o th e r  c r y s ta l s  of th e se  s e r i e s  
th e  an ions a re  te t r a g o n a l ly  e lo n g a ted , th e  s iz e  o f th e  s p l i t t i n g s  may 
in d ic a te  e i t h e r  co m p etitio n  o f th e  in h e re n t J a h n -T e lle r  f l a t t e n i n g  
w ith  th e  c r y s t a l  pack ing  fo r c e s ,  le a d in g  to  a sm a lle r  f l a t t e n i n g  th a n  
i s  found in  o th e r  copper com plexes, or a l t e r n a t iv e ly ,  bu t l e s s  l i k e ly ,
p
th e  CuCl£” io n s  may adopt an e longated  J a h n -T e lle r  d i s to r t i o n .
4*7: S q u a re -p la n a r  ^ 1 "^* com plexes: K^P tC l^  and KJPdCl^
The s t r u c tu r e s  of th e se  complexes make them p a r t i c u la r ly  
s u i t a b le  f o r  s tu d y in g  th e  v ib r a t io n s  of sq u a re -p la n a r  g roups. They 
c r y s t a l l i s e  in  th e  te tr a g o n a l space group VbJmmm (D ^ )  (Z = i )  w ith  
th e  s q u a re -p la n a r  an ions ly in g  in  the  p lane  normal to  the  unique 
a x i s . 3° The i . r .  a c t iv e  in te r n a l  and l a t t i c e  modes p re d ic te d  by 
th e  p re v io u s ly  p u b lish ed  f a c to r  group a n a ly s i s ^  a re  g iven  by r e p re s e n t­
a t io n s  4*1 and 4*2 r e s p e c t iv e ly .  Because of th e  s im p l ic i ty
r = A 2u + 2Ku 4.1
r  = A„ + 2E 4 .22u u
of th e  s t r u c tu r e ,  th e  A2U modes1 of the  an ion  can be a t t r ib u t e d  to  th e  
o u t-o f -p la n e  M-Cl bend, and th e  Eu modes to  th e  asym m etric s t r e t c h  
and in -p la n e  bend.
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The com plete v ib r a t io n a l  spectrum  of K^PtCl^ has r e c e n t ly  been 
e lu c id a te d  by Adams and N ew ton ,^  u s in g  s in g le - c r y s t a l  tra n sm is s io n  
te c h n iq u e s  in  th e  case  o f the  i . r .  s p e c tra .  The p re se n t work, 
th e r e f o r e ,  se rv e s  m ain ly  to  i l l u s t r a t e  the u se fu ln e s s  of th e  experim en t­
a l l y  more co nven ien t r e f le c ta n c e  tech n iq u e  in  such c a se s .
R e s u lts  and D isc u ss io n
The p o la r is e d  r e f le c ta n c e  s p e c tr a  of K^PtCl^ c r y s ta l s  a re  shown 
in  F ig ..  4*4 , and th e  fre q u e n c ie s  and assignm ents f o r  b o th  K ^PtCl^ and 
K ^ d C l^  a re  g iven  in  Table 4 .1 7 , to g e th e r  w ith  th e  re le v a n t  r e s u l t s  
o f Adams and Newton fo r  K ^ tC l^ .  The r e f le c ta n c e  s p e c tr a  show none 
o f  th e  c o m p lica tio n s  p re s e n t in  th e  form  o f f in e  s t r u c tu r e  and combin­
a t io n  bands in  th e  tra n sm iss io n  s p e c tra .  I t  i s  a lso  g r a t i f y in g  th a t  
th e  f re q u e n c ie s  ob ta in ed  by th e se  two methods a re  in  such good agreem ent. 
S in c e  th e  v ib r a t io n s  of K^PtCl^ a re  l i k e ly  to  be of s im ila r  c h a ra c te r , 
to  th o se  observed in  th e  s p e c tr a  of complexes d iscu ssed  p re v io u s ly  
in  t h i s  c h a p te r ,  t h i s  su p p o rts  th e  id e a  th a t  th e se  s p e c tr a  a re  not 
s e v e re ly  a f f e c te d  by d is p e rs io n .
I t  i s  i n t e r e s t in g  to  s p e c u la te  on th e  r e la t io n s h ip s  co n n ec tin g  
th e  T^, D2d and modes o f th e  IvCl^” io n , s in c e  a t th e  l im i t  of 
te t r a g o n a l  f l a t t e n i n g ,  th e  io n  would adopt a  sq u a re -p la n a r  con­
f ig u r a t io n .  The behav iour of th e  B2 modes of i s  o f p a r t i c u la r  
i n t e r e s t .  These appear to  converge as th e  te tra h e d ro n  i s  f l a t t e n e d ,  
bu t in  com pliance w ith  th e  n o n -c ro ss in g  r u le ,  a  p o in t of minimum 
s e p a ra t io n  must be reached  a t  an in te rm e d ia te  c o n f ig u ra tio n , 
a f t e r  which th e  s t r e tc h in g  and bending components move a p a r t ,  to  
become e v e n tu a lly  th e  B ^  s t r e tc h in g  mode and th e  o u t-o f  p lane  A ^  
bend r e s p e c t iv e ly  of th e  io n .
The e x p la n a tio n  fo r  t h i s  behav iour i s  not c le a r ,  a lth o u g h  i t
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T ab le  4 .17s I . r .  r e f le c ta n c e  bands (cm ) of o r ie n te d  K^PtCl^ and 
K^PdCl^ c r y s ta l s .
K ^ tC l^ K2PdCl4 Symmetry D e s c r ip tio n
323 328 328 Eu ^  (M-Cl)
194 194 193 Eu S(M-Cl)
170 172 172 A2u 7t (M-Cl)
112 116 117 £  1u l a t t i c e
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105
91
105
92
A02u
Eu J
modes
a  s in g le - c r y s t a l  tra n sm iss io n  fre q u e n c ie s  
from  r e f .  31
alm ost c e r t a in l y  in v o lv es  m ixing of the  bond—o rie n te d  s t r e t c h in g  and
bending  d isp lacem en t c o o rd in a te s  in  th e  io n s . R eference to  th e
symmetry c o o rd in a te s  of th e  or c o n f ig u ra tio n s -^  shows th a t  such
m ixing cou ld  be expected  to  le ad  to  a  d ec rease  in  th e  t r a n s i t i o n
moment of th e  v ib r a t io n ,  w hich i s  in  f a c t  in d ic a te d  by a
lo w erin g  o f th e  in t e n s i t y  of t h i s  mode r e l a t i v e  to  th e  ^ ( E )  modes
in  th e  d i s to r t e d  CuCl, io n .4
4 .8 :  E xp erim en ta l
A ll  a l k a l i  m etal complexes except Cs2ZnCl^, Cs2CuCl^, Cs^CoCl^ 
and th e  p la tin u m  and p a llad iu m  complexes were p rep ared  by fu s io n  of 
s to ic h e io m e tr ic  amounts of th e  a p p ro p r ia te  a l k a l i  m eta l c h lo r id e  and 
an ly d ro u s t r a n s i t i o n  m etal d ic h lo r id e  in  an evacuated  s i l i c a  tube . 
A ttem pts to  grow a  la rg e  s in g le  c r y s ta l  of Cs2CoCl^ from  th e  m elt by 
th e  S to c k b a rg e r  te ch n iq u e  r e s u l te d  in  th e  fo rm ation  of a  p o ly c ry s ta l l in e  
b o u le . V arious s e c tio n s  of th i s  boule were ground and p o lish e d , and
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th e  p o la r i s e d  r e f le c ta n c e  s p e c tr a  reco rd ed .
C ry s ta ls  of Cs2ZnCl^, CsgCuCl^ and th e  (N M e^^ C l^  complexes 
w ere grown by slow ev a p o ra tio n  of s a tu ra te d  aqueous s o lu tio n s  
c o n ta in in g  th e  a p p ro p r ia te  m olar r a t i o  of th e  c o n s ti tu e n t  c h lo r id e s .  
Cs2ZnCl^ grew as la rg e  c r y s ta l s  w ith  w e ll developed ( 001) and sm a lle r
(lOO) f a c e s  ( in d e x e d  a c c o rd in g  t o  sp ace  g roup  Pnma, a f t e r  t r a n s p o s i t i o n
1 io f th e  axes of Pnam given  by B re h le r  ) ,  w h ile  (NMe^)^ZnGl^ took  a  
v a r i e ty  o f form s, g e n e ra lly  w ith  w ell-fo rm ed  (lOO) and (010) f a c e s .  
C ry s ta ls  of (NMe^^CoCl^ grew as prism s bounded by (0 0 l) ,  (0 1 l)  and 
(0 1 0 ), and capped by (101) and (111). Both copper complexes grew 
as ro d s , o f th e  form  (011) te rm in a te d  by (lOO) in  th e  case  of 
(EMe^) 2CuCl^, and ( i 01) f o r  Cs2CuCl^, w hich had no w e ll d e fin ed  
te rm in a t in g  f a c e s .
The (N E t^ ^ JC l^  complexes were p repared  by ev ap o ra tio n  o f 
n itro m eth an e  s o lu t io n s .  C ry s ta ls  grew as d is to r t e d  o c tah ed ra , a l l  
fa c e s  b e in g  of th e  form ( 10 1 ). In  th e se  c a se s , (lOO) fa c e s  were 
p re p a re d  a r t i f i c i a l l y  by g r in d in g .
C ry s ta ls  of Cs^CoCl^ were ob ta ined  from  aqueous s o lu tio n  of 
th e  c o n s t i tu e n t  c h lo r id e s  by th e  method of Pow ell and W e l ls ,^  u s in g  
a  s ix f o ld  m olar ex cess  of CsCl. These grew as f a i r l y  re g u la r  re c ta n g ­
u l a r  p rism s bounded by (110) and (0 0 l) fa c e s .  The axes were id e n t i f i e d  
by th e  an g les  made by sm all ( 111) fa c e s  which occurred  in  some of th e  
c r y s t a l s ,  and v e r i f i e d  by the  b ire f r in g e n c e  of the  v a r io u s  fa c e s .
F o r th e  u n s ta b le  comolex Cs-zEiCl,-, s to ic h e io m e tr ic  amounts of CsCl andJ D
NiGlg w ere fu sed  in  a  s i l i c a  tube and then  quenched r a p id ly .  The i . r .  
spectrum  of th e  complex was reco rded  im m ediately  a f t e r  quenching. 
(EMegH^))^^-^ waS Pr e Pare(  ^ by th e  method of S hag isu tanova  e t  a lsP
R e c r y s ta l l i s a t io n  o f KgPtCl^ and K^PdCl^ gave long  rods e lo n g a ted  
along  th e  c a x is .
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C hap ter 5: A q u o ch lo ro m eta lla te s
5 .1 : I n tro d u c t io n
W ater m olecules p re s e n t in  c r y s ta l l in e  in o rg a n ic  complexes can
be c l a s s i f i e d  as e i th e r  * f re e M w a te r , held  in  p o s i t io n  in  th e  l a t t i c e
by hydrogen bonding , or co o rd in a ted  w a te r , in  which th e  oxygen forms
an M-0 bond. A ll  o f th e  examples d e a l t  w ith  in  th i s  c h a p te r  f a l l
in to  th e  l a t t e r  ca teg o ry .
A lthough th e  v ib r a t io n s  of th e  co o rd in a ted  w ater m o lecu les,
e s p e c ia l ly  th e  l i b r a t i o n a l  modes, a re  of co n s id e ra b le  i n t e r e s t  in  
1 2them aelvea* ; 9 th e se  w i l l  be ignored  in  th e  p re se n t work, s in c e  
t h e i r  s tu d y  in  th e  i . r .  p re s e n ts  c e r t a in  p r a c t i c a l  d i f f i c u l t i e s .
In d eed , th e  w a te r m olecules w i l l  be t r e a te d  as monatomic lig a n d s , 
and a t t e n t io n  c o n c e n tra te d  on th e  M-0 and M-Cl v ib r a t io n s .  In  t h i s  
manner, th e  v ib r a t io n a l  s p e c tr a  of a  number of in te r e s t in g  ch lO ro- 
m e ta l la te  m o ie tie s  may be in v e s t ig a te d ,  such as th e  d i s to r t e d  o c ta h e d ra l 
CuCl^IhjO)^*" io n , w ith  long  and sh o rt Cur-Cl bonds, and FeC l^H gO )^’’',  
in  w hich th e  c h lo r in e s  adopt a  sq u are-py ram idal arrangem ent about 
th e  i r o n  atom. The aquoehlorom anganates a ls o  p ro v id e  a  v a r ie ty  o f 
i n t e r e s t i n g  s t r u c tu r e s ,  which have been more w idely in v e s t ig a te d  
th a n  th o se  o f th e  o th e r t r a n s i t io n  m e ta ls . Three examples of th e se  
w i l l  be d iscu ssed  in  S e c tio n  5. 4 .
5 .2 : AqCuC1^ . 2H20 Complexes (A -  _ Rb)
In  a  la rg e  number of copper ( i l )  h a l id e  com plexes, th e  p re fe r re d  
te t r a g o n a l  environm ent of th e  copper ion  tak es  th e  form  of a  d is to r t e d  
octahedron  made up of fo u r h a lid e  io n s  and two lig an d ed  sp e c ie s . In  
g e n e ra l,  two o f th e  h a l id e s  form  sh o r t  bonds to  th e  copper, w h ile  
th e  rem ain ing  p a i r  a re  a t much g re a te r  d is tn a c e s  from  i t .  In  c h lo r id e
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com plexes, 's h o r t '  and 'lo n g ' bonds a re  formed w ith  Cu-Cl d is ta n c e s
a o  -z
of about 2 .5  A and 5 A r e s p e c t iv e ly . D T his has le d  to  s p e c u la tio n  
and some co n fu s io n  re g a rd in g  th e  fre q u e n c ie s  of the v ib r a t io n s  
in v o lv in g  th e  lo n g  Cu-X b o n d s . I n t e r e s t  has cen tred  m ain ly  on 
complexes of th e  type  010X^ 2  (L = n itro g e n  donor l ig a n d , ELpO; X =
01, Br) many o f w hich ach ieve p seu d o -o c ta h ed ra l c o o rd in a tio n  o f th e  
copper by halogen  b r id g in g  (where th e  s t e r i c  requ irem en ts  of the 
lig a n d  p e rm it) .  In  th e  i . r .  s p e c tr a  of most of the  c h lo r id e  com plexes, 
two bands a re  observed in  th e  re g io n  200-550 cnT*. The h ig h e r  of 
th e se  i s  undoubted ly  th e  sh o r t  Cu-Cl s t r e tc h in g  mode, but th e  assignm ent 
o f th e  low er band to  th e  long  Cu-Cl s t r e t c h  i s  open to  q u e s tio n . ^96
B e a t t ie  e t  a l , ^  in  a  d is c u s s io n  of th e  s in g le  c r y s ta l  Raman s p e c tr a
o f C uC lg.2 ^ 0 ,  have in d ic a te d  th e  d i f f i c u l t i e s  invo lved  in  form ing 
any co n c lu s io n s  re g a rd in g  th e  v ib r a t io n a l  modes of long  Cu-X bonds 
on th e  b a s is  of t h e i r  behav iou r in  h a logen -b ridged  com plexes. I n  
such  h a lo g en -b rid g ed  system s, th e  v ib r a t io n s  of the long  and sh o rt 
bonds a re  n e c e s s a r i ly  of mixed c h a ra c te r ,  and th i s  mixing would be 
expec ted  to  have a  profound e f f e c t  on th e  f re q u e n c ie s  of th e se  
v ib r a t io n s .
A d e ta i le d  sp e c tro sc o p ic  s tu d y  of complexes c o n ta in in g  non­
b r id g in g  halogen atoms i s  th e re fo re  d e s ir a b le  in  o rder th a t th e  
assignem ent o f 'lo n g ' Cu-X v ib ra t io n s  may be c l a r i f i e d .  H ydrates 
of th e  type A2CuC1^.2H20 (A =s NH^, K, Rb) c o n ta in in g  is o la te d  pseudo- 
o c ta h e d ra l an io n s , meet t h i s  requ irem en t. These complexes, w hich 
form  an isom orphorous s e r ie s  whose s t r u c tu re  has been e lu c id a te d  in  
some d e ta il ,® * ^  should  be p a r t i c u la r ly  s u i ta b le  fo r  th e  s tu d y  of 
th e  Cu-Cl v ib r a t io n s .  The p resen ce  of is o la te d  C u C l^ ^ O )^  
anions removes th e  com p lica tio n s  in h e re n t in  b ridged  system s, and 
th e  v ib r a t io n s  of th e  co o rd in a ted  w ate r m olecules do not i n t e r f e r e
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in  th e  re g io n  o f i n t e r e s t . ^  An a d d it io n a l  advantage i s  th a t  th e  
bond d i r e c t io n s  of th e  complex anion are  r e la te d  in  a sim ple manner 
to  th e  c r y s ta l  axes. T h is  l a s t  p o in t ,  to g e th e r  w ith  the  ease  of 
p re p a ra t io n  of c r y s ta l s  of s u i ta b le  d im ensions, f a c i l i t a t e s  t h e i r  
s tu d y  by p o la r i s e d  i . r .  r e f le c ta n c e  te ch n iq u es .
Complexes of the  type A2CuC1 ^ .21^0 c r y s t a l l i s e  w ith  th e  te tr a g o n a l  
space group PVWim (D ^ ) w ith  two m olecules in  th e  p r im it iv e  u n it  
c e l l . C u C l ^ I ^ O ) ^ ” an ions a re  o r ie n te d  w ith  th e  Cu-0 bonds 
p a r a l l e l  to  th e  c ax is  of th e  c r y s ta l  and th e  Cu-Cl bonds (2 .3 2  and 
2 .9 5  A lo n g  in  th e  po tassium  complex) ly in g  in  the  ab p la n e . The 
r e s u l t s  o f a  f a c to r  group a n a ly s is  of th i s  s tru c tu re ,r .n e g le c t in g  
th e  hydrogen atom s, a re  g iven in  Table 5.1* I t  should  be noted  th a t  
th e  long  Cu-Cl bonds a re  regarded  as having some co v a len t c h a ra c te r ,  
so  th a t  v ib r a t io n s  o f th e se  bonds a re  a r b i t r a r i l y  c l a s s i f i e d  as 
i n t e r n a l  modes of th e  complex anion. An a l te r n a t iv e  bu t le s s  
h e lp fu l  d e s c r ip t io n  in  term s of f r e e  c h lo rid e  ions would m erely a l t e r
T ab le  5*1» F a c to r  group a n a ly s is  of th e  A2CuC1^ . 21^0 complexes w ith  
~14space  group
1g A2g B1g B2g
E
g
K1u A 2 u B1u B,0 E 2u u
N 5 2 3 4 6 1 5 4 10
Ta
1 1
T 1 1 2 1 1 1 3
R 1 1 2
Ni 3 1 1 3 2 3 3
6
I . r .  a c t i v i t y :  z (x>y)
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th e  d e s ig n a t io n  of th e se  v ib ra t io n s  to  th a t  of t r a n s la to r y  l a t t i c e
modes. Of th e  p o s s ib le  modes l i s t e d  in  Table 5 .1 , only  th o se  o f
^2u an(  ^ Eu sywnetey a re  a c t iv e ,  and th e se  i n t e r a c t  w ith  r a d ia t io n
•
whose e l e c t r i c  v e c to r  i s  p o la r is e d  p a r a l l e l  and p e rp e n d ic u la r  to  th e  
c a x is  r e s p e c t iv e ly .  Thus th e  t o t a l  number of i . r .  a c t iv e  modes 
( s u b je c t  to  th e  q u a l i f i c a t io n  m entioned e a r l i e r )  i s  g iven  by r e p re ­
s e n ta t io n  5 .1 -
r  = m .2u + s!eu 5.1
Ig n o r in g  fo r  th e  moment th e  p o s s i b l i l i t y  of m ixing between modes
of th e  same symmetry, i t  can r e a d i ly  be e s ta b l is h e d  by c o r r e la t in g
th e  modes o f th e  i s o la te d  complex an ion  w ith  the  c r y s ta l  modes th a t
th e  fo u r  A2u v ib r a t io n s  w i l l  c o n s is t  o f a  Cu-Q s t r e t c h ,  an in -p la n e
bend o f th e  sh o r t Cu-Cl bond, a  long  Cu-Cl bend and a  l a t t i c e  mode.
S im i la r ly ,  th e  n in e  Eu v ib r a t io n s  are  made up of a  long  and a  sh o rt
Cu-Cl s t r e t c h ,  in -p la n e  and o u t-o f-p la n e  Cu-Q bending modes, an o u t-
o f-p la n e , sh o r t  Cu-Cl bend, a  long  Cu-Cl bend and th re e  l a t t i c e  modes.
Adams and h is  cow orkers have made a  number of s tu d ie s  of th e  s p e c tr a
? £> 10th e  aq u o c h lo ro c u p ra te s , * ’ th e  l a t e s t  u sing  s in g le - c r y s t a l  
te c h n iq u e s .
R e s u lts  and D isc u ss io n
The p o la r is e d  i . r .  r e f le c ta n c e  s p e c tr a  from  if.Q-4-OQ cmT^  of a
(100) fa c e  o f a  s in g le  c r y s ta l  of KgCuCl^.-2H20 a re  shown in  F ig . 5 .1 a
and b w ith  th e  in c id e n t r a d ia t io n  p o la r is e d  p a r a l l e l  and p e rp e n d ic u la r
to  th e  c a x is  r e s p e c t iv e ly .  In  F ig . 5 .1 a  th re e  of th e  p re d ic te d
fo u r  A2u bands can be seen ; th e  fo u r th  band, a r i s in g  from  th e  v(Cu-O)
mode, occurs^  a t i+lf5 cm"* .^ Of those  observed below i^ OO cm th e
in -p la n e  bend of th e  s h o r t Cu-Cl bonds would be expected to  have th e
— 1h ig h e s t freq u en cy , and th e  band observed a t 178 cm i s  th e re fo re
108
EX c
(iOO) fa c e
T
R
E 11 p ro je c t io n  of 
c on ( i l l )  fa c e
IfO
F ig u re  5 .1 :  F a r - i . r .  r e f l e c t a n c e  s p e c t r a  o f  K^CuCl^. ^ 2 *^
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a ss ig n ed  to  t h i s  v ib r a t io n .  T h is frequency  l i e s  in. th e  range
observed fo r  S (Cu-Cl) in  CuCl^Lg. com plexes,^  and i s  c lo se  to  th e  
— 1v a lu e  o f 177 cm re p o r te d  f o r  Cupy2C l2, a lth o u g h  such  a  com parison 
i s  no t s t r i c t l y  v a l id .  N e v e rth e le s s , th e  bending  mode in  K2CuC1^.2H20 
would no t be expec ted  to  be low er in  frequency  than  th a t  fo r  th e  
h a lo g en -b rid g ed  cupy2C l2 complex. The two low er frequency  bands a t
A
96 and 136 cm" a re  ass igned  to  th e  l a t t i c e  mode and the  long  Cu-Cl 
bend ing  mode. The p o s s i b i l i t y  o f d is t in g u is h in g  between th e se  w i l l  
be d isc u sse d  l a t e r .
The assignm ent of the  E^ modes i s  le s s  s tra ig h tfo rw a rd . Only 
s ix  Eu bands a re  observed in  th e  p o la r is e d  r e f le c ta n c e  s p e c tr a  '
(P ig . 5 .1 b ) .  The assignm ents of th e se  bands a re  given in  T ab le 5*2, 
and on ly  th o se  o f the  sh o rt Cu-Cl bend and th e  long  Cu-Cl s t r e t c h in g  
mode r e q u ire  comment. The in -p la n e  sh o r t Cu-Cl bend has a lre a d y  
been a ss ig n ed  to  th e  A2u band a t 178 cm"1, and by analogy w ith  square  
p la n a r  complexes such as K ^ tC l^ ,  (see  C hapter 4*7)th e  o u t-o f-p la n e  
bend ing  mode would be expected to  occur a t low er frequency . There 
a re  two Eu bands in  th e  expected  range fo r  S(C u-C l), a t  142 and 180 cm"1. 
The s h o r t  Cu-Cl bending  mode i s  ass igned  to  th e  low er of th e se , s in c e  
i t  i s  u n l ik e ly  th a t  th e  in -p la n e  and o u t-o f-p la n e  bending fo rc e  
c o n s ta n ts  a re  v i r t u a l l y  id e n t i c a l ,  an assum ption which i s  im p l ic i t  
in  th e  a l t e r n a t iv e  assignm ent. T h is  then  le av es  th e  band a t 18Q cm"1 
to  be a ss ig n ed  to  th e  long  Cu-Cl s t r e tc h in g  mode, as th e  occurrence 
o f a  l a t t i c e  mode a t such r e l a t i v e l y  h igh  frequency  i s  in p ro b ab le  
u n le s s  v ib r a t io n s  of th e  long  bonds a re  adm itted  in to  t h i s  ca teg o ry .
The S(Cu-Q) band a t 270 cm"1 i s  p robab ly  the  o u t-o f-p la n e  v ib r a t io n ,  
th e  in -p la n e  mode a t h ig h e r frequency  b e in g  obscured by the  >>(Cu-Cl) 
band.
A lso  given  in  T able 5.2  a re  the  fre q u e n c ie s  and assignm ents of
T ab le  5»2: R e fle c ta n c e  maxima (cm in  th e  p o la r is e d  i . r .  s p e c tr a
o f (lOO) fa c e s  o f AgCuCl^. 2 ^ 0  c r y s ta l s .
NH,
4 K Rb Assignment
445a A
2u (Cu-0)
317 317 322 Eu n) (Cu-Cl) (s h o r t)
264 270 266 Eu S(C u-0)
180 176 E
u (Cu-Cl) (long)
190 178 175 A2u S(Cu-Cl) (s h o r t)  i . p .
196 142 136 Eu S(Cu-C l) (s h o r t)  0. p.
145 136 135 K2u l a t t i c e  mode or
✓—XHO13O00 ( long)
96 112 100 Eu
96 83 A2u l a t t i c e  modes
62 61 45 Eu
a  from  r e f .  2
th e  bands observed in  th e  s p e c tr a  of th e  isomorphous ammonium and
rub id ium  com plexes. The r e f le c ta n c e  s p e c tr a  of Wo20u.Cl^2&2P were
c lo s e ly  s im i la r  to  th o se  of K ^ u C l^ . 2H2O except fo r  sm all changes in
th e  f re q u e n c ie s  due to  th e  in c re ased  mass, of th e  c a t io n . Less d e t a i l
was d i s c e r n ib le  in  th e  s p e c tr a  o f th e  ammonium complex, which were
c h a ra c te r i s e d  by broad bands w ith  maxima a t 190 and 196 cm"*^  in  th e
r e s p e c t iv e  p o la r i s a t io n s .  The reaso n s fo r  the d if fe re n c e  in  th e
form  o f th e se  s p e c tr a  compared w ith  tho se  of th e  o th e r  complexes
i s  not e n t i r e ly  c le a r ,  s in c e  such marked changes in  th e  in te r n a l
fre q u e n c ie s  cannot be accounted fo r  by the  com paratively  sm all mass 
of the  c a t io n . Hydrogen bonding by the  ammonium io n , which can produce
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s im i la r  e f f e c t s  in  o th e r  isomorphous s e r i e s ,  may be invo lved  
(see  C hap ter 6 ) .
The above assignm ents have been made f a i r l y  s y s te m a tic a lly  on 
th e  assum ption  th a t  l i t t l e  m ixing of modes of th e  same symmetry ta k es  
p lace*  W hile th i s  i s  p ro b ab ly  a  rea so n ab le  approxim ation  f o r  th e  
v ib r a t io n s  o f th e  sh o rt Cu-Cl bonds, e s p e c ia l ly  th e  s t r e t c h e s ,  i t  
must be re c o n s id e re d  in  th e  case of those  modes in v o lv in g  th e  long  
bonds. The p o s s i b i l i t y  of m ixing of th e se  v ib ra t io n s  w ith  th e  
c lo s e - ly in g  l a t t i c e  modes and bends of the  sh o rt Cu-Cl bonds must 
be re c o g n ise d , and th e  q u es tio n  of th e  v a l id i t y  of the  d e s c r ip t io n s  
used fo r  th e se  modes examined. In  th i s  c o n te x t, i t  i s  h e lp fu l  to  
compare th e  co n c lu sio n s  of th e  p re se n t work w ith  those  of th e  more 
re c e n t s in g l e - c r y s t a l  s tu d y  of th e  po tass iu m  s a l t  by Adams and 
Newt on.^ ^
In  g e n e ra l ,  th e  p o la r is e d  i . r .  d a ta  of th e se  w orkers a re  in  good 
agreem ent w ithv.those of Table 5 .2 , a lthough  they  in c lu d e  an Eu band 
a t  218 cm~1 a ss ig n ed  to  th e  o u t-o f-p la n e  Cu-0 bend which p robab ly  
co rresp o n d s t o  th e  sp u rio u s  fe a tu re  in  P ig . 5 .1 c  observed by d e l ib e r a te
A
m isalignm ent o f th e  c r y s ta l .  They p r e f e r  to  a ss ig n  th e  18Q and 142 cm” 
Eu bands to  modes o f  mixed c h a ra c te r ,  in v o lv in g  s t r e tc h in g  of th e  long  
Cu-Cl bonds and bends o f b o th  long  and sh o rt bonds. The most i n t e r e s t ­
in g  f e a tu r e s  of th e  Raman s p e c tr a  a re  th e  symmetric s t r e tc h e s  of th e  
s h o r t  and long  Cu-Cl bonds a t 228 and 131 cm"1 r e s p e c t iv e ly .
T here i s  no d e f in i t e  evidence in  th e se  r e s u l t s  fo r  s tro n g  
c o u p lin g  of th e  s t r e t c h in g  v ib r a t io n s  of the  long  Cu-Cl bonds w ith  
th e  bends or w ith  v ib r a t io n s  of th e  po tassium  io n s . Some c a tio n  
dependence o f th e  E^ s t r e t c h  i s  ev id en t from the spectrum  b f th e  
rub id ium  complex, b u t t h i s  i s  no g r e a te r  than  fo r  the  o th e r in te r n a l  
v ib r a t io n s .  The d e s c r ip t io n  o f  th e  180 cm  ^ band as p redom inan tly  an
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asym m etric s t r e t c h  of th e  long  Cu-Cl bonds i s  th e re fo re  j u s t i f i a b l e .
I t  would n e v e r th e le s s  be hazardous to  extend th i s  q u a l i t a t iv e  t r e a t ­
ment to  th e  long  Cu-Cl bending modes and acco rd in g ly  no attem pt i s  
made t o  d is t in g u is h  between th e se  and l a t t i c e  modes. Thus d e s p ite  
th e  f a c t  th a t  th e  symmetry c o o rd in a te s  form ing the  b a s is  f o r  the  two 
lo w est Agu modes a re  known, t h e i r  approxim ate normal co o rd in a te s  
canno t be in f e r r e d  from  th e  s p e c tr a .
One p o in t w hich emerges from  th e  r e s u l t s  of th e  p re se n t work i s  
th a t  because of th e  overlapp ing  ranges f o r  S(Cu-Cl) ( s h o r t)  and \J(Cu-Cl) 
( lo n g ) ,  th e  s e p a ra t io n  o f th e se  bands w i l l  be d i f f i c u l t  in  th e  absence 
o f p o la r i s e d  s in g le  c r y s ta l  s p e c tra . Prom th e  long Cu-Cl s t r e t c h in g  
fre q u e n c ie s  re p o r te d  h e re , and from  what has been sa id  reg a rd in g  
h a lo g en -b rid g ed  system s, i t  seems u n lik e ly  th a t  bands observed a t 
about 220 cm"^ in  th e  s p e c tr a  o f a  number of CuClrJL^ complexes can 
p ro p e r ly  be d e sc rib e d  as long  Cu-Cl s t r e tc h in g  modes as suggested  by 
Cam pbell e t  a l.-^  The a l te r n a t iv e  view  of Adams and Lock, i s  to  be 
p r e f e r r e d ,  v i z . t h a t  th e se  low frequency  ‘'s tre tc h in g '*  bands a re  o f 
obscure o r ig in .  ^
In  e s ta b l i s h in g  th e  s t r e tc h in g  frequency  of the  long  Cu-Cl 
bonds in  th e  aq u o ch lo ro cu p ra te s , t h i s  s tudy  has gone some way tow ards 
s o lv in g  th e  sp e c tro sc o p ic  problem  posed by v a r io u s  copper c o m p le x e s .7 
However, th e  u n d erly in g  q u es tio n  of th e  n a tu re  of th e  in te r a c t io n  
betw een copper and th e  long-bonded c h lo r in e  atoms rem ains to  be answ ered, 
and in  t h i s  r e s p e c t ,  methods of s tu d y  o th e r than  v ib r a t io n a l  sp ec tro sco p y  
may prove to  be more f r u i t f u l .
P ig . 5 .1 c  shows the  r e f le c ta n c e  spectrum  of a  (111) face  of a  
K2CuC1^.2H20 c r y s ta l  when th e  in c id e n t r a d ia t io n  is  p o la r is e d  p a r a l l e l  
to  th e  p r o je c t io n  of the  c a x is  on the  r e f l e c t i n g  fa c e . T his a rran g e ­
ment would be expected  to  g ive b o th  A2u and Eu modes, bu t in s p e c t io n
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shows th a t  th e  r e s u l t in g  spectrum  i s  not sim ply  a  su p e rp o s itio n  of
P ig .  5.1 sl and b . C e r ta in  of the  bands have s h if te d  p e rc e p tib ly  in
f r e q u e n c y ,e .g .  th e  band a t 317 cm"1 in  P ig . 5 .1b  has a  maximum a t 
—1320 cm in  F ig . 5 .1 c . A more s t r ik in g  change i s  th e  appearance of 
bands a t 207 and 152. cm"1 w hich occur in  n e i th e r  of th e  o r ig in a l  s p e c tr a .  
S im ila r  e f f e c t s  a re  observab le  fo r  RbgCuCl^.2H20. W hile in c o r re c t  
s t r u c t u r a l  d a ta  o r f a u l t y  alignm ent of th e  c r y s ta l s  might account f o r  
th e se  changes, th e  f i r s t  e x p lan a tio n  i s  u n lik e ly  in  view  of th e  d e ta i le d  
work re p o r te d  f o r  th e se  c r y s ta l s ,  and th e  second could not s a t i s f a c t ­
o r i l y  e x p la in  th e  s p e c t r a  shown in  P ig .  5.1 a  and b . The anom alies 
observed  a re  more l i k e ly  to - a r i s e  as a  r e s u l t  o f b ir e f r ig e n c e  of 
u n ia x ia l  c r y s ta l s  such as th o se  d e a l t  w ith  h e re , and the  d is p e rs io n  
of i . r .  r a d ia t io n  by th e se  c r y s ta l s .
When r a d ia t io n  i s  in c id e n t norm ally  on a  (100) fa c e , i t  w i l l  be 
s p l i t  in to  e x tra o rd in a ry  (e) and o rd in a ry  (o) ray s  p o la r is e d  p a r a l l e l  
and p e rp e n d ic u la r  to  th e  c a x is  r e s p e c t iv e ly .  Each ra y  w i l l  have i t s  
own v a lu e  of th e  r e f r a c t iv e  index  or d i e l e c t r i c  co n s tan t fo r  any 
p a r t i c u l a r  freq u en cy , and d is p e rs io n  of th e se  ray s  by th e  c r y s t a l  w i l l  
be m u tu a lly  in d ep en d en t. P ig . 5 .1 a  and b show th e  A2u and Eu modes 
o f K^CuCl^.2H2O w hich a re  a c t iv e  in  the  E and 0 ra y s  re s p e c t iv e ly .  
However when a  (111) fa c e  i s  used , r a d ia t io n  of normal in c idence  
makes an ang le  o f about 55 w ith  th e  c a x is . When th i s  i s  p o la r is e d  
p a r a l l e l  to  th e  p r o je c t io n  of th e  c ax is  on th e  r e f l e c t i n g  fa c e , only  
th e  E ra y  w i l l  be tra n s m itte d  th rough th e  c r y s ta l .  T his i s  no lo n g e r 
p o la r i s e d  p a r a l l e l  to  th e  c a x is ,  bu t a t an angle to  i t ,  so th a t  i t  
can in t e r a c t  w ith  b o th  A2u and Eu modes of th e  c r y s ta l .  S ince  th e  
v e lo c i ty  of th e  E ra y  depends on i t s  d ir e c t io n  in  th e  c r y s ta l ,  and 
w i l l  l i e  between th e  extrem e v a lu e  f o r  the  E ray  and th a t  f o r  th e  0 
r a y ,  th e  r e f r a c t iv e  index  and d i e l e c t r i c  co n stan t of th e  c r y s ta l  w i l l
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a l s o  have in te rm e d ia te  v a lu es  in  th i s  arrangem ent. S ince  th e se  
de te rm in e  th e  form  of th e  r e f le c ta n c e  sp ec tru m ,11 s l i g h t  changes in
th e  f re q u e n c ie s  o f some bands might be expected and are  in  f a c t  
observed .
An im portan t consequence of th e  i . r .  a c t i v i t y  of bo th  A2U and Eu
modes in  the  E ra y  i s  th a t  th e  d i e l e c t r i c  response to  t h i s  ra y  w i l l
be a f f e c te d  s im u lta n e o u s ly  by v ib ra t io n s  of b o th  ty p e s . The e f f e c t
o f t h i s  i s  to  produce a  more com plicated  r e f le c ta n c e  spectrum  th an
would be ob ta in ed  from  a  com bination of th e  two s e t s  of o s c i l l a t o r s
a c t in g  in d e p en d en tly . Numerous cases  a re  known fo r  i s o t r o p ic  c r y s ta l s
of two o s c i l l a t o r s  o f d i f f e r e n t  s tre n g th s  and s im i la r  f re q u e n c ie s
i ?g iv in g  r i s e  to  a  co n fu sin g  r e f le c ta n c e  spectrum . 1 ^ Thus f e a tu re s
— isuch  as th e  maxima a t 180 and 207 cm" in  F ig . 5* 1c can r e a d i ly  be 
accounted  fo r  by in t e r a c t io n  of th e  A2U mode a t 178 cm"1 w ith  th e  Eu 
mode a t 180 cm”1 . T h is  may r e s u l t  in  an in v e rs io n  in  the broad A2U 
band g iv in g  a r e f le c ta n c e  minimum a t 197 cm”1 and le a v in g  th e  " t a i l 11 
o f th e  a2u band a t 207 cm”1 ; a l t e r n a t iv e ly ,  th e  h ig h e r frequency  maximum 
may r e s u l t  from  a  more com plicated  v a r ia t io n  induced in  the  d i e l e c t r i c  
resp o n se  by th e  two ne ighbouring  o s c i l l a t o r s .  The same c o n s id e ra tio n s  
would app ly  to  th e  f e a tu re s  observed in  th e  same re g io n  fo r  Itt^CuClj^. 
and to  th e  bands a t 138 and 152 cm”1 in  F ig . 5 .1 c . T his shows th a t  
in  th e  absence o f a d is p e rs io n  a n a ly s is ,  th e  in t e r p r e ta t io n  o f r e f l e c t ­
ance s p e c t r a  must be approached w ith  c a u tio n .
in  each  u n it c e l l  o r ie n te d  so th a t  a l l  F e-0  and a x ia l  Fe-G l bonds l i e  
on m irro r  p lan es  p e rp e n d ic u la r  to  the  b a x is . Adams and h is  coworkers
P o tass iu m  a q u o p e n ta c h lo ro fe rra te  ( i l l )  has the  orthorhom bic 
s t r u c tu r e  Pnma f Qur o c tah ed ra l F e C l^ I^ O )^  anions
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have in v e s t ig a te d  th e  powder i . r . ^  and s in g le - c r y s ta l  Raman s p e c t r a . ^
Because o f th e  com plex ity  of th e  i . r .  spectrum , s p e c i f ic  assignm ents 
were d i f f i c u l t ,  bu t th e  Raman work p e rm itte d  the  id e n t i f i c a t i o n  of 
most o f th e  i n t e r n a l  modes of the an ion . The p re se n t work com pletes 
th e  v ib r a t io n a l  study  of th i s  complex w ith  an exam ination o f th e  
s in g l e - c r y s t a l  i . r .  s p e c tr a .
The approxim ate forms o f th e  in te r n a l  v ib ra t io n s  of th e  FeCl^H^O) 
io n  and t h e i r  c o r r e la t io n  w ith  th e  c r y s ta l  modes given  by Adams and 
N ew to n ^  a re  reproduced in  Table 5*3* The p resence of th e  (010) 
m irro r  p la n e s  in  th e  c r y s ta l  has the e f f e c t  o f a llow ing  on ly  and 
B^u i . r .  a c t iv e  f a c to r  group components of th e  and B,j f r e e  an ion
T able 5 .3 : Approxim ate forms and c o r r e la t io n  o f th e  v ib r a t io n s  of th e
an ions in  RgFeCl^.HgO.
F ree  io n .  S i t e  C ry s ta l
C C,s
V(Fe-O) 
V2 0 (Fe-C1L) 1QA.
g
lO B ^  i . r .  a c t iv e  -  z
it y
H X
> E
V10 S (F e-C l)
^  f>(F e -C l ')  .
116
modes, and a  B2U component of th e  Bg mode, w h ile  th e  E modes of th e  
an ion  have a  component of each symmetry. In  a d d i t io n , a number 
o f i . r .  a c t iv e  t r a n s l a to r y  and r o ta to ry  l a t t i c e  modes a re  p re d ic te d  
by f a c to r  group a n a ly s is ,  and th e se  a re  given by  r e p re s e n ta t io n s  5*2 
and 5*3 r e s p e c t iv e ly .
= ^ l u  + 3B2u +  ^ 3 u  5 ,2
r r o t . = B3u 5 .3
R e s u lts  and D isc u ss io n
T able 5»4- l i s t s  th e  f re q u e n c ie s  of the  bands observed in  the  
p o la r i s e d  r e f le c ta n c e  s p e c tr a  of K^jFeCl^.I^O, w hich a re  shown in  F i g . 3*2. 
The hands below  120 cm“^  can be ass igned  to  l a t t i c e  modes, and th o se
-1  \T able b iifj R e f le c ta n c e  bands (cm ) in  th e  s in g le - c r y s ta l  i . r .  s p e c tr a
o f  KgFeCl^. 2H20,
B1u B2u B3u
(372)a
30g 289 -306
273 237 278
196 218 
180 176 171
138
111 101 102
90 93
62 32
a  from  powder tran sm iss io n  spectrum
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1u
2u
R
F ig u re  5 .2 : F a r - i . r .  r e f le c ta n c e  s p e c tr a  of KgFeGl^.HgO c r y s ta l s .
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above t h i s  freq u en cy  to  predom inan tly  in te r n a l  v ib r a t io n s  of the  
a n io n s .
Of th e  in t e r n a l  modes, th e  band a t 372 cm”1 in  th e  powder
spectrum  i s  c l e a r ly  th e  s t r e t c h  of th e  F e-0  bond, and the  group around
300 cm” 1 f a l l s  in  th e  expected range fo r  th e  V(Fe-Cl) v ib r a t io n s .
The B2u band a t 289 cm” 1 can be a ss ig n ed  unambiguously to  th e  asymmet r i c
s t r e t c h  (^q) . In  the  B>| u and B£U s p e c tra ,  two c o r r e la t io n
d o u b le ts  a t 273/278 cm" 1 and 303/307 cm”1 are  observed. A ll fo u r
'O(Fe-Cl) modes a re  fo rm ally  i . r .  a c t iv e  in  bo th  of th e se  o r ie n ta t io n s ,
b u t th e  a x ia l  and asym m etric e q u a to r ia l  s t r e tc h in g  v ib r a t io n s  and \>g)
would be expected  to  have th e  g re a te r  i n t e n s i t i e s .  By analogy w ith
th e  i s o s t r u c t u r a l  indium  com plex,1^- the  h ig h e r of th e  observed p a i r s
i s  a ss ig n ed  to  and th e  low er to  Vg. However, the  s e p a ra t io n  of
th e  A (B^u +■ and A (B2u) components of Vg may in d ic a te  a p p re c ia b le
/
m ixing of th e  A s i t e  group modes of each of th e  fo u r  Fe-C l s t r e t c h in g  
v ib r a t io n s ,  r a th e r  than  t ru e  s t a t i c  f i e l d  s p l i t t i n g  r e s u l t in g  from a  
d i s t o r t i o n  from  C ^. symmetry of th e  an ion .
In  th e  low er frequency  re g io n , th e  s tro n g  bands a t 180, 176 and 
171 cm can be ass ig n ed  to  th e  F e-C l^  bending mode, and. a  B^u
component of th e  a x ia l  Fe-C l wag I s observed a t 138 cm"1.
D e u te ra t io n  s tu d ie s  1^  have shown th e  Raman bands a t 222 cm"*1 to  be 
due t o  th e  wagging v ib r a t io n  of th e  F e-0  bond (v ^ ), and th e  B ^  band 
a t  237 c n f1 i s  acco rd in g ly  assigned  to  th i s  mode. T his le av es  a 
weak B2u band a t 196 cm"1, which must be a  component of th e  B2 F e-C l^  
bend (\>y) and a B^u band a t 218 cm*"1 , w hich could be d e riv ed  from e i th e r  
^ 4 , ^6 or ^9 * ,T^ e f>ormer assignm ent i s  p re fe r r e d ,  s in c e  th e  B^  t» 6) 
mode would be only weakly d ip o le  a c t iv e ,  and i t  would be d i f f i c u l t  
to  e x p la in  a  s i t e  group s p l i t t i n g  of 19 cm' 1 w ith  th e  B2u component
o f V9>
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These assignm ents a re  summarised in  T able 5*5? which a ls o  in c lu d es  
th e  Raman f re q u e n c ie s  of Adams and Newton. Some minor changes in  
t h e i r  assignm ents of th e  s i t e  group modes improve the  c o n s is te n c y  w ith  
th e  i . r . d a ta . Thus s in c e  a B2u component o f V ^(a' ) i s  found a t 
218 on- 1 , th e  assignm ent; o f th e  ^ ( a ' )  and s>g(A' ) Raman l i n e s  a t 190 
and 226 cm-1 i s  re v e rs e d , p la c in g  Vg above V, , c o n tra ry  to  what i s  
observed  f o r  Cs^nCl^.ILpO. S im ila r ly ,  in te rch an g in g  theV y(A H) and
) modes produces a  s l i g h t ly  b e t t e r  f i t  w ith  the  i . r .  f re q u e n c ie s . 
N e ith e r  of th e s e  changes fundam entally  a f f e c t s  th e  in t e r p r e ta t io n  of 
th e  Raman s p e c tr a .
Even a f t e r  th e se  ad justm en ts  have been made, however, th e  f i t  
of th e  Raman and i . r .  f re q u e n c ie s  can only be d escrib ed  as re a so n a b le . 
A lthough th e  g e n e ra l p a t te r n  appears to  be th e  same fo r  b o th , a  
number o f th e  g -u  s p l i t t i n g s  a re  d is tu rb in g ly  la rg e .  I t  i s  r e a s s u r in g  
in  t h i s  r e s p e c t  to  n o te  th a t  in  one case a t l e a s t ,  th a t  of th e  \t| 
m u l t ip le t ,  th e  B^u band, which i s  one of th e  s tro n g e r  bands in  the  i . r .  
spectrum , l i e s  w e ll below  th e  Raman component. I t  i s  th e re fo re  
u n l ik e ly  th a t  th e  anom alies a re  caused by a  g en era l r a i s in g  o f th e  i . r .  
f re q u e n c ie s  due to  d is p e rs io n  e f f e c t s .
The com plete v ib r a t io n a l  spectrum  of K ^ e C l^ .H ^ , in  c o n tra s t  to  
e i th e r  o f th e  s e ts  of d a ta  on t h e i r  rswn, would in d ic a te  th a t  coup ling  
o f th e  v ib r a t io n s  of the  fo u r  anions in  each u n it  c e l l  i s  v e ry  s tro n g .
No s a t i s f a c to r y  e x p la n a tio n  f o r  th i s  behav iou r su g g es ts  i t s e l f .  However, 
d e s p i te  t h e i r  fragm entary  n a tu re  (on ly  th i r te e n  of th e  p re d ic te d  tw en ty - 
f iv e  in t e r n a l  modes were o b served ), th e  i . r .  s p e c tr a  confirm  th e  
co n c lu sio n  o f Adams and Newton, th a t  th e  fo rc e s  a c tin g  in  th e  c r y s ta l  
a re  such as to  produce alm ost com plete f a c to r  group s p l i t t i n g  of the  
c r y s ta l  modes.
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T a b le  5*5: V ib r a t io n a l  a ss ig n m en ts  f o r  K ^eG l^.H gO .
F re e  a n io n  S i t e  g roup  C r y s ta l  modesa  c o r r e l a t i n g  w ith , k ' (A#/)
mode mode
v v W  B1u<Au) W
*1 A 381,. (372)°
^3 a! 303 306
*2 a ' 300,
^ 5 a ' 27 6
V f  A<1 a"
f  A'
27 6
273 278
289
I A" 222 222 237
A'
d
226 226d 218
A' I90d
V7 a "
180® 196
r a ' 183 180 171
*10
{  A" 1776 174® 176
r  A* 124 138
^11
/ 129 132
a  Raman f re q u e n c ie s  fro n t r e f .  1k  
B in a c t iv e
°  from  i . r .  powder sp ec tru m  (B^u or B-ju) 
d ,e  a ss ig n m en ts  o f r e f .  13 in te rc h a n g e d
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5.b-j Aquochlorom anganates
ApMnCl jj. ZHpO (A = Rb, C s): These two complexes a re  i s o s t r u c t u r a l , 1^
w ith  monom olecular t r i c l i n i c  u n it  c e l l s  o f space group P?(c1) c o n ta in in g  
app ro x im ate ly  o c ta h e d ra l trans-M hCl^(H20 ) | “ anions on G± s i t e s .  The 
two s e t s  o f Mn-Cl bonds a re  not e q u iv a le n t ,  having le n g th s  of 2.5^- and
0
2.58A in  th e  rub id ium  complex, a lthough  no d if fe re n c e  i s  d e te c te d  in  
th e  caesium  s a l t .  D esp ite  the  low symmetry, the  i . r .  s p e c tr a  of th e se  
system s shou ld  be f a i r l y  s im p le , c o n ta in in g  a  >?(lvlh-0) mode and two 
S(Mn-O), ’O(Mh-Cl), S (Mn-Cl) and 7t(lvIh-Cl) modes, to g e th e r  w ith  th re e  
t r a n s l a to r y  l a t t i c e  modes, a l l  of which are  o f Au symmetry. Adams
9
and Lock^ have observed most o f th e se  in  the  powder i . r .  s p e c tr a .
R e s u l ts :  S in ce  a l l  the  i . r .  a c t iv e  bands a re  of th e  same symmetry,
th e  s p e c tr a  were reco rded  by a l ig n in g  the p o la r is e d  r a d ia t io n  w ith  th re e  
conven ien t o rth o g o n a l axes, in  th i s  case the  o p t ic a l  e x t in c t io n  d i r e c t io n s  
of th e  c r y s ta l  between c ro ssed  p o la r i s e r s .  The s p e c tr a  of th e  rubid ium  
and caesium  s a l t s  ob ta ined  in  th i s  manner were c lo s e ly  s im i la r ,  and th e  
bands observed in  each a re  l i s t e d  in  Table 5 .6 . The p o s s i b i l i t y  th a t  
some o f th e  neighbouring  p a i r s  o f bands are  in  f a c t  due to  one band 
whose frequency  i s  o r ie n ta tio n -d e p e n d e n t i s  d iscoun ted  fo r  two re a so n s . 
F i r s t l y ,  most of th e se  p a i r s  can be observed s im u ltan eo u sly  in  one or 
o th e r  of th e  c r y s t a l  o r ie n ta t io n s ,  and second ly , most of the  bands 
have a co rresp o n d in g  f e a tu re  in  th e  powder spectrum . E xclud ing  th e  
l a t t i c e  modes below 100 cm”1, th e  only f e a tu r e  not p re v io u s ly  observed 
in  th e  tra n sm is s io n  s p e c tr a  i s  th e  s p l i t t i n g  of the  band a t  about 
1'50 cm”1 in  b o th  complexes.
The assignm ents of th e  in te r n a l  modes above 180 cm fo llo w  those  
of Adams and L ock .2 Of th e  fo u r  Mn-Cl bending modes, th e  low er two 
a re  a t t r ib u t e d  to  Tt(Mh-Cl), a lthough  th e  re v e rs e  assignm ent of th e  m iddle 
two i s  p o s s ib ly  e q u a lly  v a l id .  A ll  th re e  of the  l a t t i c e  modes a re
Observed i . r .
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fre q u e n c ie s  (cm "*) f o r  th e  t r i c l i n i c
0 com plexes.
Rb^MnCl^. 2H20 C s ^ C l ^ .  2H20 Assignment
340
00i^\ V(Mn-O)
246 236 ^ 1
212 212 '' J
\> (Mn-Cl)
192 186 & (Mn-O)
173 172 1
156 153) J
S(Mn-Cl)
■£* 00
(✓
147^ I
-  ■
118 '
* X (Mn-Cl)
119
92 8 4 y
80
/
70 ► l a t t i c e  modes
72 -
I . r .  r e f le c ta n c e  bands (cm of MhCl2.i|H20 c r y s ta l s
313 Bu
228 Bu
200 Au
131 Au
140 Bu
121 Au
107 Bu
60 Bu
34 Au
N>(Mh-0)
>J(Mh-Cl)
S(Mn-O)
S(Mn-Cl) 
p(Mn-Cl) 
l a t t i c e  modes
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observed  fo r  th e  rub id ium  s a l t ,  and two f o r  the caesium  s a l t .
Thus a l l  th e  in t e r n a l  modes except one Mn—0 bend are  observed f o r  
b o th  complexes*. The absence of t h i s ,  band could e a s i ly  be due to  
n e a r-c o in c id e n c e  of th e  twoS(Mn-O) modes. From th e  alm ost te tr a g o n a l  
symmetry o f th e  MDl^HgO)!" io n s , th e  v ib ra t io n s  o f th e  Mn-Cl bonds 
m ight a ls o  be expected  to  occur in  f a i r l y  c lo s e ly  s p l i t  p a i r s ,  but in  f a c t  
the  s p l i t t i n g  i s  s u b s ta n t i a l  in  each case . Indeed, th e  p a t te r n  o f 
f re q u e n c ie s  b ea rs  some resem blance to  th a t  found fo r  th e  CuCl^H gO)!-  
io n . D if fe re n c e s  in  Mn-Cl bond le n g th s , however, a re  not s u f f ic ie n t  
to  account f o r  t h i s  s p l i t t i n g ,  and some o th e r  ex p lan a tio n , such as 
s tro n g  hydrogen bonding to  one s e t  of c h lo r in e s ,  must be invoked.
MnClg.i+HpO: The most re c e n t s t r u c tu r e  .d e te rm in a tio n ^  o f t h i s
complex shows i t  to  have space group P2^/n  (C ^ )*  fo u r o c ta h e d ra l
MnClgCHgO)^ m olecu les in  each u n it c e l l  have th e  r a th e r  unusual c is  
c o n f ig u ra tio n  o f th e  c h lo r in e s .  S ince  a l l  th e  atoms occupy g en e ra l 
s i t e s ,  each of th e  f i f t e e n  in te r n a l  v ib ra t io n s  o f the m olecule w i l l  be 
fo rm a lly  i . r .  a c t iv e  in  b o th  th e  and s p e c tra .  F ive  Au and fo u r  
Bu l a t t i c e  modes are  a lso  p re d ic te d , th re e  of each being  m olecu lar 
l i b r a t i o n s .  The only  v ib r a t io n a l  s tu d y  made of th i s  h y d ra te  was
A
concerned s o le ly  w ith  th e  v ib ra t io n s  of th e  w ater m olecules.
R e s u lts :  Table 5 .7  g iv es  th e  freq u en c ie s  observed in  th e  s in g le ­
c r y s t a l  i . r .  s p e c tr a  of MnClg.^HgO. The B^ modes are  taken  from two 
s p e c t r a  employing p e rp e n d ic u la r  p o la r i s a t io n  d ir e c t io n s  in  th e  ac 
c r y s ta l lo g ra p h ic  p la n e . A wax c o a tin g  had to  be used to  p rev en t 
d eh y d ra tio n  of th e  c r y s ta l  f a c e s ,  and th i s  had an adverse e f f e c t  on the  
q u a l i ty  of th e  s p e c tr a ,  so  th a t  only th e  s tro n g e r  f e a tu re s  were re p ro d u c ib le . 
The s p e c tr a  th e re fo re  show only a sm all p ro p o rtio n  of th e  f i f t e e n  in t e r n a l  
inodes p re d ic te d  f o r  each symmetry s p e c ie s , a lthough  some of th e se  would 
no doubt be c o in c id e n t or v a n ish in g ly  weak in  any case .
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The assignm ents of th e  observed bands are  based on th o se  fo r  th e  
A2MnCl^. 2H2O com plexes. An a l te r n a t iv e  d e s c r ip t io n  of th e  200 cm"’"' 
mode as th e  second s t r e tc h in g  v ib r a t io n  of th e  cis-M nC ^ m oiety i s  
p o s s ib le  bu t le s s  l i k e ly ,  s in c e  th i s  band i s  of s im ila r  low in t e n s i ty  
to  th e  M-0 bending  modes observed in  o th e r aquo-com plexes.
CsMnCl-z,.2H2Q: T his complex c r y s t a l l i s e s  in  th e  orthorhom bic space
group P cca  (D^h) ^  = The s t r u c tu r e  c o n s is ts  of z ig -z a g
Mn-Cl-lvln ch a in s  ex ten d in g  along the  a a x is ,  w ith  the  o c tah ed ra l c o o rd in s  
a t io n  of th e  manganese completed by two non -b ridg ing  c h lo r in e s  and two 
w a te r  m olecu les in  th e  c i s  c o n f ig u ra tio n . There a re  two of th e se  ch a in s  
in  each  u n it  c e l l .
The s in g l e - c r y s t a l  Raman and i . r .  s p e c tr a  of CsMnClj.SiHgO have 
been re p o r te d  by Adams and Newton. T h e ir  group th e o r e t ic a l  a n a ly s is  
o f th e  v ib r a t io n s  of th i s  complex shows th a t  the  is o la te d  cha in  has 
th e  v ib r a t io n s  g iven  by r e p re s e n ta tio n  5*4. The approxim ate d e s c r ip t io n s  
P  = 8A + 8B1 + 8B2 + 8B3 3 .4
of th e se  modes i s  given in  T able Each of th e se  modes i s  s p l i t  in to
a  g/ u  c o r r e l a t i o n  doub le t by in te r a c t io n  of the two ch a in s , so  th a t  
th e  B^u , B2u and B^u s p e c tr a  should each co n ta in  e ig h t in t e r n a l  bands.
The p re d ic te d  i . r .  a c t iv e  l a t t i c e  modes a re  given by r e p re s e n ta tio n  
5. 5j and in c lu d e  one B^u r o ta to r y  mode.
r ex t = B1u + + 5B3u 5 .5
R e s u lts :  Of th e  t h i r t y  p re d ic te d  i . r .  a c t iv e  c r y s ta l  modes,
tw enty  were observed in  th e  p re se n t work, and a re  l i s t e d  in  Table
T h is  i s  the  same number as th a t p re v io u s ly  repo rted ,^®  and a lthough
c e r t a in  of th e  bands are  not common to  b o th  s e ts  of d a ta ,  th e re  i s
e x c e l le n t  agreement between th e  two. In c lu d in g  th e  re p o rte d  fre q u e n c ie s
no t observed in  th e  p re se n t work, a  t o t a l  of e ig h teen  in t e r n a l  v ib r a t io n s
can be i d e n t i f i e d ,  assuming th a t  a l l  l a t t i c e  modes occur below 90 cm"* .^
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T able 5 .8 : Approximate d e s c r ip t io n s  of th e  v ib ra t io n s  of th e  a n io n ic
ch a in s  in  CsMnCl^,2H20.
S(Mx*-0), £ (Mn-Cl) t
^(M n-O), Tf(lfa-0) ' 
(M n-Cl)t , Tt (Mn-Cl)
^(Mn-Cl) , 6(M n-C l)^
6(0-M n-C lt ) ,  p(M iCl2 (H20 )2)
Chain modes 
D2
A + B2
V b3
Unit, c e l l  modes 
• D2h
* Ag+V V B2u
B1g+ B1u+ B3g+ B3m
— 1
T ab le  5 .9s S in g le - c r y s ta l  i . r ,  fre q u e n c ie s  (cm ) f o r  CsMnCl^.2H2O
n>(Mxi-0>
0 ( l f o -  c i ) t
B1u B2u B3u
310 520 (306)
(256) 231 241
207
183 180
168 170
IMS 147 142
127 128 129
106
82 84
44 60
l a t t i c e  modes
F req u en c ies  in  p a re n th e se s  a re  taken  from  r e f ,  18
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W ith t h i s  d a ta ,  i t  i s  p o s s ib le  to  deduce th e  com plete p a t te r n  of 
th e  i . r .  s p e c tra .
T here a re  fo u r  s e t s  o f bands com prising  one component of each
symmetry a t about 310, 21+.0, 14£ and 128 cm"*1 , which would seem to
in d ic a te  th a t  modes in v o lv in g  a  p a r t i c u la r  in t e r n a l  c o o rd in a te  occur
over a  narrow  frequency  range . This b e in g  th e  case , th e  bands around 
—1180 and 170 cm must form  p a r t  of two more such g roups, and th e  p resen ce  
o f m iss in g  B^u and B^u modes a t th e se  fre q u e n c ie s  can be p o s tu la te d . 
S im i la r ly ,  th e  bands a t  207 and 106 cm“1 must be members of 
p a i r s  a t  l e a s t .  T h is  le a v e s  only two B2U modes re q u ire d  to  com plete 
th e  i n t e r n a l  modes. The p o s it io n s  of th e se  cannot be in fe r r e d  from 
th e  i . r .  s p e c tr a ,  bu t th e  p resence of A^g bands in  th e  Raman s p e c tr a  a t 
213 and 110 cm“  ^ g iv e  some id e a  o f the reg io n s  in  which they  might be 
ex p ec ted , com pleting  th e  two s e ts  m entioned above. Thus th e  i . r .  a c t iv e  
i n t e r n a l  v ib r a t io n s  of CsMnCl^.21^0 can be grouped in to  e ig h t s e ts  
c o n s is t in g  o f one component of each symmetry. The re p o rte d  Raman 
f re q u e n c ie s  a ls o  f i t  t h i s  p a t te rn .
T h is  unexpected s im p l ic i ty  of th e  v ib r a t io n a l  spectrum  i s  of l i t t l e  
h e lp  in  a s s ig n in g  th e  observed bands. A lthough th e  two h ig h e s t groups 
a t  about 310 and 2U-5 cm“  ^ can be a t t r ib u te d  w ith  some confidence to  the  
Mn-O and te rm in a l Mn-Cl s t r e tc h in g  modes re s p e c t iv e ly ,  i t  i s  d i f f i c u l t  
to  make rea so n ab ly  c o n s is te n t  assignm ents fo r  th e  o th e r g roups, s in c e  
th e  p a t t e r n  observed r e q u ire s  th a t  modes having only B2U or 
components should  occur to g e th e r  to  form  com plete s e t s .  This i s  
co n ce iv ab le  fo r  th e  B2U Mn-O and B^1y^B2U O-Mh-Cl bending modes, bu t 
th e  tw is t in g  v ib r a t io n  of the  MnC^CH^O) 2 u n i ts  about th e  chain  ax is  
i s  l i k e l y  to  be much low er in  frequency than  e i th e r  the  Mn-O br Mn-Cl 
B2u bending  modes. T h is d i f f i c u l t y  su g g ests  th a t  th e  trea tm en t of the  
low freq u en cy  v ib r a t io n s  in  term s of symmetrised in t e r n a l  co o rd in a te s  i s
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s e r io u s ly  a f fe c te d  by m ixing o f th e  modes concerned.
5.5? E xperim en ta l
A ll  o f th e  c r y s ta l s  were p rep ared  by slow  ev a p o ra tio n  o f aqueous 
s o lu t io n s  of the  a p p ro p r ia te  c o n s t i tu e n t  c h l o r i d e s . ^ T h e  copper 
com plexes grew as i r r e g u l a r  o c tah ed ra  of th e  ( l i j )  form , w ith  a few 
(100) f a c e s .  S in ce  th e  a  and c u n it  c e l l  d im ensions do not d i f f e r  
g r e a t ly  in  th e se  com plexes, d e te rm in a tio n  of the  c ry s ta l lo g ra p h ic  
axes by measurement of i n t e r f a c i a l  ang les was v e r i f i e d ,b y  th e  i . r .  
d ic h ro ism  of th e  f a c e s .  C ry s ta ls  of the  iro n  complex a lso  took  th e  
form  o f d i s to r t e d  o c ta h e d ra , w ith  (lO l)and  (110) fa c e s  to g e th e r  w ith  
some w e ll-d e v e lo p ed  (001) fa c e s .
M nC ^.A ^O  and CsMnC1^ . 2H20 formed la rg e ,  i r r e g u la r  p rism s , w ith  
la rg e  (001) fa c e s  in  th e  case o f th e  fo rm er, w h ile  on c r y s ta l s  of th e  
tr ic h lo ro -c o m p le x  a l l  the p r im it iv e  forms were w e ll-d e v e lo p ed . The 
A2MnCl2f. 2H2O complexes grew in  a  v a r ie ty  of p r ism a tic  h a b i ts .
I t  was found th a t  r e a d i ly  l o s t  w a te r  d u rin g  e v ac u a tio n
p r io r  to  re c o rd in g  th e  f a r - i . r .  s p e c tr a .  To p rev en t t h i s ,  each fa c e  
was coa ted  w ith  a  th in  la y e r  of p a r a f f in  wax.
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C h a£ te r_ 6i  E f f e c ts  of Hydrogen Bonding on th e  In f r a r e d  S p e c tra  
o f Some Complex Ammonium H alid es
I n tro d u c t io n
The ammonium io n  has an io n ic  r a d iu s  v ery  s im i la r  to  th a t  
o f rub id ium , and ammonium complexes a re  o f te n  members of isomorphous 
s e r i e s  c o n ta in in g  th e  po tassium , rub id ium  and, in  some cases:, 
caesium  analo g u es . However, a lth o u g h  ammonium behaves s t r u c t u r a l l y  
a s  an a lka l i  m e ta l io n , i t  has been found in  th e  co u rse  o f th e  
p re s e n t  work th a t  i t s  complexes a re  not in  g en era l s u i ta b le  s u b je c ts  
f o r  s p e c tro s c o p ic  s tu d y  in  th e  f a r  i . r .  re g io n , s in c e  th e  bands of 
i n t e r e s t  tend  to  be more d i f f u s e ,  i f  th ey  a re  re so lv e d  a t  a l l ,  
th a n  i n  th e  co rresp o n d in g  a l k a l i  m e ta l com plexes. Such d i f f i c u l t i e s  
have been encoun tered  in  th e  (NH^^MFg and 2^U^ V ^ 2^
system s* I t  has been su g g ested -^ th a t  t h i s  i s  a  r e s u l t  o f hydrogen 
bonding by th e  ammonium io n s  in  th e s e  complexes*
The e f f e c t s  of hydrogen bonding on b o th  th e  s t r u c tu r e  of
ammonium s a l t s  and th e  v ib r a t io n a l  s p e c t r a  of th e  c a t io n  in  th e se
s a l t s  have aroused  c o n s id e ra b le  i n t e r e s t .  The s t r u c t u r a l
tra n s fo rm a tio n s  and v ib r a t io n a l  s p e c tr a  of th e  sim ple ammonium
2— 5h a l id e s  have been th e  s u b je c t of tho rough  in v e s t ig a t io n ,  J and a  
number o f sp e c tro sc o p ic  s tu d ie s  of complex s a l t s  have been r e p o r te d ,^*7 
bu t no r e l i a b l e  and g e n e ra lly  a p p lic a b le  ru le s  f o r  th e  d e te c t io n  
o f hydrogen bonding have emerged from  th i s  work*
The te t r a h e d r a l  ammonium io n  has th e  fo u r fundam ental modes of 
v ib r a t io n ,  d e sc r ib e d  in  C hap ter if* In  th e  c r y s t a l l i n e  s t a t e ,  th e  
s e le c t io n  r u le s  r e s t r i c t i n g  th e  i . r .  a c t i v i t y  of >0  ^ and ■>> may be 
re la x e d , depending on th e  s i t e  symmetry of th e  ammonium io n  in  th e  
c r y s ta l .  In  a d d i t io n , d eg en e rac ie s  o f th e  T^ modes may be removed,
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g iv in g  r i s e  to  s p l i t t i n g  of th e se  bands. No in d ic a t io n s  o f c o r r e la t io n  
c o u p lin g  have so  f a r  been observed* From th e  e f f e c t s  o f hydrogel® 
bonding on th e  i . r .  s p e c t r a  of a  v a r ie ty  o f o th e r  sy s tem s ,^  i t  would 
be  expected  th a t  th e  fo rm atio n  o f a  hydrogen bond in v o lv in g  an 
ammonium io n  shou ld  low er th e  frequency  of th e  N-H s t r e t c h in g  mode \>
3
and r a i s e  th a t  o f th e  bending mode s) • The s t r e t c h in g  mode may a ls o
4
g a in  c o n s id e ra b ly  in  b o th  in t e n s i ty  and b re a d th . However, th e se  
e f f e c t s ,  w ith  th e  p o s s ib le  ex ce p tio n  of th e  v a r ia t io n  in  th e  frequency  
do not a c c u ra te ly  r e f l e c t  th e  s t r e n g th  of hydrogen bonding 
in  th e  s im ple  ammonium h a l id e s ,  s in c e  fo r  th e  io d id e  i s  low er th an
3
th a t  f o r  th e  more s tro n g ly  hydrogen bonded bromide and c h lo r id e ,^ » 4
and a t  room tem p era tu re  th e  band w id th s  of V, a re  alm ost i d e n t i c a l , ^
3
In  th e  i . r .  s p e c tr a  o f the  ammonium h a l id e s  an in te n s e  a b so rp tio n  
i s  observed  in  th e  re g io n  2800 -  3300 cnT^ which i s  re s o lv a b le  in to  
a  number o f broad o v erlap o in g  bands. These have been ass ig n ed  to  0
3
of th e  ammonium io n  and v a r io u s  com bination  and overtone bands, 
th e  l a t t e r  d e r iv in g  t h e i r  in t e n s i t y  from  in te r a c t io n  by Ferm i 
resonance  w ith  0^ . In  th e  N-H bending  re g io n  0^ occurs as a  • f a i r ly  
in te n s e  a b so rp tio n  a t around 1400 cm” -*. A lthough 0^ i s  not observed 
in  th e  s in g le  h a l id e s ,  i t  may be observed a t  about 1680 cm“  ^ in  th e  
s p e c tr a  of complex s a l t s  in  which th e  io n  l i e s  on a  low symmetry 
s i t e .  ^ O ther weak bands in  th e  re g io n  1400 -  2200 cm“^ can be 
a ss ig n e d  to  com binations of th e  bending  v ib r a t io n s  w ith  l a t t i c e  
modes or w ith  the  to r s io n a l  mode (\>g) of th e  ammonium io n . S in ce  
t h i s  to r s io n a l  mode r e s u l t s  from  r e s t r i c t e d  r o ta t io n  o f th e  ammonium 
io n  caused  by hydrogen bonding, th e  occurrence  of th e  ^  + v>g band 
in  t h e . i . r .  s p e c tr a  of ammonium complexes has been proposed as a 
d ia g n o s t ic  f e a tu r e  of hydrogen bonding by W addington,9 from  a  g e n e ra l 
tre a tm e n t of the  i . r .  s p e c tr a  of a  s e r ie s  of monobasic s a l t s .  The 
r e s u l t s  o f t h i s  s tu d y  a ls o  support th e  id e a  th a t  hydrogen bonded
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ammonium s a l t s  a re  no t in  g en e ra l isom orphous w ith  t h e i r  po tass ium  
or rub id ium  analogues.
The p re sen t, work adop ts  a s im i la r  approach  to  th a t  o f W addington, 
b u t in  o rd e r to  s im p lify  th e  problem , in v e s t ig a t io n s  have been 
co n fin ed  to  complex ammonium h a l id e s .  The i . r .  s p e c tr a  of a  number 
of th e se  complexes have been reco rded  in  th e  re g io n  of th e  fundam ental 
v ib r a t io n s  o f th e  ammonium io n  and th e  l a t t i c e  modes. On th e  b a s is  
o f th e  expec ted  b ehav iou r o f th e  ammonium io n  in  th e se  system s, 
th e  u s e fu ln e s s  of s p e c t r a l  f e a tu r e s  such as band w id th s , v a r ia t io n s  
in  fundam ental f re q u e n c ie s ,  c r y s ta l  mode s p l i t t i n g  and com bination  
bands in  d e te rm in in g  th e  p resen ce  and s t r e n g th  of hydrogen bonding 
i s  a s s e s se d .
R e s u lts  and D isc u ss io n
The f re q u e n c ie s  and assignm ents of th e  bands observed in  th e  
i . r .  s p e c t r a  of some complex ammonium h a l id e s  a re  g iven  in  T ab le  6. 1.
p i
A ssignm ents a re  based on th o se  of H ornig e t  a l  fo r  th e  ammonium
h a l id e s .  Those g iven  f o r  th e  s tro n g  bands in  th e  reg io n  2800 — 3500 cm” ^
seem to  be re a so n a b ly  c o n s is te n t  d e s p ite  s tro n g  Fermi resonance in
th i s  re g io n  in  th e  m a jo r ity  of com plexes. In  th e  re g io n  between
2800 cm"’"' and 1400 cm"'"', a  number of weak bands can be observed ,
and th e se  f a l l  in to  th re e  groups. The two groups of h ig h e r frequency ,
a t  around 2000 cm""' and 1800 cm""', can be ass ig n ed  to  com binations
o f th e  to r s io n a l  mode \4  w ith  b and y. r e s p e c t iv e ly .  The th i r d  s e to 2 A
o f weak bands occur between 1580 cm"’"' and 1720 cm""', and a re  p robab ly
com binations of y  w ith  a  l a t t i c e  mode, a lth o u g h  i t  i s  p o s s ib le  
4
th a t  some o f th e se  bands a t around 1700 cm" 1 a re  i . r .  a c t iv e  components 
o f ^ 2 .
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L i t t l e  o f th e  p re d ic te d  s p l i t t i n g  of bands r e s u l t in g  from
c r y s t a l  symmetry was observed in  th e  s p e c tr a  reco rd ed . S in ce  s)
4
was th e  sh a rp e s t band in  th e  s p e c tr a ,  t h i s  would be most l i k e l y  to
e x h ib i t  such  s p l i t t i n g ,  bu t re so lv e d  components were observed
on ly  in  th e  case  o f th e  ( ^ ^ 2 ^ 4  comP -^exes (WH^)^MnF^. C rocket
and H a e n d le r^  have suggested  in  conn ec tio n  w ith  th e  (N H ^ 2 ^ 4
com plexes th a t  th e  two n) bands m ight r e s u l t  from  th e  v ib r a t io n  of
4
ammonium io n s in  two n o n -eq u iv a len t s i t e s ,  and no t from  t r u e  s p l i t t i n g
o f  However, t h i s  e x p la n a tio n  was not supported  by subsequen t
c ry s ta l lo g ra p h ic  work by R udorff e t a l ^  on (N H ^ ^ iF ^ . Thus th e
room tem p era tu re  m ull s p e c tr a  p ro v id e  l i t t l e  in fo rm a tio n  on th e
p o s s ib le  m o d if ic a tio n  o f th e  s i t e  symmetry of th e  ammonium ion  by
hydrogen bonding .
I n  o rd e r to  e s t a b l i s h  tre n d s  in  th e  fre q u e n c ie s  of th e  fundam ental
v ib r a t io n s  o f th e  ammonium io n , i t  must be assumed th a t  in  g en e ra l
hydrogen bonding w i l l  become p ro g re s s iv e ly  weaker on going from
complex f lu o r id e s  to  io d id e s  as i s  e s ta b l is h e d  f o r  th e  sim ple
h a l id e s .  On th e  b a s is  of t h i s  assum ption , no d e f in i t e  tre n d  in
th e  f re q u e n c ie s  o f s) f o r  th e  v a r io u s  complexes i s  d is c e r n ib le .
The fre q u e n c ie s  of \J, , however f a l l  in  d i s t i n c t  ran g es  depending on4
w hich h a l id e  i s  p re se n t in  th e  complex; th o se  of th e  complex f lu o r id e s  
o c c u rr in g  from  1485 cnf^ to  1400 cm"" ,^ th e  c h lo r id e s  from  1400 cm”^
to  1393 cm"^ and th e  brom ide and io d id e  a t 1390 cm’"'* and 1388 cm“ ^
r e s p e c t iv e ly .  T h is  su g g es ts  th a t  th e  frequency  o f g iv es  an 
in d ic a t io n  of th e  degree of hydrogen bonding p re se n t in  a  complex.
I f  th e  complexes examined a re  s e t  out in  o rder of d e c re a s in g  
freq u en cy  of th en  th e  r e s u l t in g  arrangem ent could be tak en  as
th e  o rd e r o f d e c re a s in g  hydrogen bonding. T his can be r a t i o n a l i s e d
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by c o n s id e r in g  th re e  f a c to r s  l i k e ly  to  in f lu e n c e  hydrogen bonding
in  th e se  com plexes: ( i )  th e  h a lid e  io n  p re s e n t;  hydrogen bonding
w i l l  d ec re a se  in  th e  o rd e r  F > C l > B r > I ,  ( i i )  th e  o x id a tio n  s t a t e
o f th e  m eta l -  th e  h ig h e r  th e  charge on th e  m e ta l, th e  more p o la r is e d
th e  M-X bond w i l l  b e , th u s  red u c in g  th e  c a p a b i l i ty  of th e  h a l id e  io n
to  p a r t i c i p a t e  in  hydrogen bonding, ( i i i )  th e  c o o rd in a tio n  o f th e
h a l id e  io n  by m etal io n s  -  a  h a lid e  io n  on a  b r id g in g  s i t e  would
be expec ted  to  form  hydrogen bonds l e s s  r e a d i ly  th an  a  n o n -b rid g in g
io n  co o rd in a ted  to  th e  same m eta l.
A lthough o th e r  f a c to r s  such  a n i t ro g e n -h a lid e  s e p a ra t io n  and
th e  geom etric  arrangem ent of th e  h a l id e  io n s  about th e  ammonium io n
w i l l  obv iously  have an e f f e c t  on th e  e x te n t to  w hich a  complex i s
hydrogen bonded, th e se  a re  much more d i f f i c u l t  to  a s se s s  and re q u ire
a  knowledge o f a c c u ra te  s t r u c t u r a l  param eters  which a re  not a t
p re s e n t  a v a i la b le  in  a l l  c a se s . N e v e rth e le s s , i t  i s  p o s s ib le  to
a r r iv e  a t a  s a t i s f a c to r y ,  i f  q u a l i t a t iv e ,  u n d ers tan d in g  of th e
s t r e n g th  o f hydrogen bonding in  th e  complexes examined in  term s of
th e  th re e  f a c to r s  m entioned above. Thus complexes of th e  type
w ith  equal numbers of b r id g in g  and n o n -b rid g in g
f lu o r id e  io n s , would seem to  be most s t ro n g ly  hydrogen bonded,
w h ile  th o se  of th e  type NH, M ^F in  w hich a l l  f lu o r id e  ions a re
4  5
b r id g in g  have low er f re q u e n c ie s  fo r  V o c c u rrin g  in  the  same re g io n
, . TTT, xas th o se  of th e  (NH^)^M F^ complexes c o n ta in in g  i s o la te d  MBg
o c ta h e d ra l an io n s . A part from  th e  case of NH.HFnf in  which th e4  *
s tro n g e r  hydrogen bonding ta k e s  p la c e  w ith in  th e  b i f lu o r id e  io n ,
/ XVcomplexes of th e  type  F^ have th e  low est v a lu es  f o r  \) of
th e  f lu o r id e s  examined, as a  r e s u l t  o f th e  h ig h  o x id a tio n  s t a t e  of th e
m e ta l. The f re q u e n c ie s  o f  ^  f o r  th e  c h lo r id e  complexes f a l l  in
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such  a  narrow  range  th a t  v a r ia t io n s  cannot be co n s id e red  m ean ing fu l.
The com bination  bands o f . w ith  \) and V , w hich have been
6 2 4
used p re v io u s ly  as in d ic a t io n s  o f r e s t r i c t e d  r o ta t io n  o f th e  ammonium 
9 10io n , 9 a re  observed in  most of th e  complex f lu o r id e s  and only  
one o f th e  c h lo r id e s ,  im ply ing  s tro n g e r  hydrogen bonding in  th e  
f lu o r id e s .  I t  has been shown, however, th a t  th e  absence o f th e se  
bands does not n e c e s s a r i ly  in d ic a te  com ple te ly  f r e e  r o ta t io n  of
A 2th e  ammonium io n . 1
I t  i s  d i f f i c u l t  to  draw any c o n c lu sio n s  from  th e  f re q u e n c ie s
of c a lc u la te d  from  th e  com bination bands. In  th e  f i r s t  p la c e ,
an h arm o n ic ity  of th e  v ib r a t io n s  and th e  p o s s i b i l i t y  o f Ferm i
re so n an ce  betw een and \ m a k e  th e se  c a lc u la te d  fre q u e n c ie s
somewhat u n r e l i a b le .  S econd ly , i n t e r e s t  in  a r i s e s  from  th e
6
in fo rm a tio n  i t  p ro v id e s  on th e  b a r r i e r  to  f r e e  r o ta t io n  imposed
on th e  ammonium io n . A ttem pts to  deduce b a r r i e r  h e ig h ts  f ro m 'to r s io n a l
f re q u e n c ie s  a re  hazardous, p a r t i c u l a r ly  when th e  form  of the
h in d e rin g  p o te n t ia l  i s  not known or even co n s ta n t f o r  th e  v a r io u s
s t r u c t u r a l  ty p es  exam ined. However, i t  may be s ta te d  w ith  r e s e rv a t io n s
th a t  th e  f re q u e n c ie s  of as c a lc u la te d  from  th e  com bination  bands
6
in  T ab le  6 .1 . r e f l e c t  th e  ex ten t to  w hich f r e e  r o ta t io n  o f th e  
ammonium io n  i s  r e s t r i c t e d  in  th o se  complexes where such  bands a re  
observed .
A nother f e a tu r e  of hydrogen bonded system s w hich has re c e iv e d  
a t t e n t i o n  i s  th e  b roaden ing  of bands which i s  observed , p a r t i c u l a r ly  
in  th e  s t r e t c h in g  re g io n . The causes of t h i s  phenomenon have 
been  t r e a te d  from  a  th e o r e t i c a l  p o in t o f view  by v a r io u s  w orkers, 
n o ta b ly  B ra to z  and H adzi. ^  In  th e  s o l id  ammonium complexes th e re  
seems to  be no obvious r e la t io n s h ip  between th e  b re a d th  of th e  N-H
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s t r e t c h in g  v ib r a t io n s  and th e  degree  of hydrogen bonding in  th e se  
com plexes, which i s  in  agreement w ith  the  f in d in g s  of Plumb and
p
H ornig  f o r  th e  ammonium h a l id e s .  The b re a d th  o f th e  l a t t i c e  
modes may be more u s e fu l  as an in d ic a t io n  of hydrogen bonding.
In  a l l  th e  complex f lu o r id e s  exam ined, broad a b so rp tio n s  w ith  
h a l f  band w id th s  of th e  o rd er of 200 cm"*1 were observed w ith  
maxima in  th e  re g io n  170 -  300 cm""1. In  com parison th e  l a t t i c e  
bands in  o th e r  complex h a l id e s  were g e n e ra lly  much narrow er and 
had app rox im ate ly  th e  same b re a d th  as th o se  of th e  po tassium  
o r rub id ium  isom orphs in  th o se  case s  where a  com parison was p o s s ib le .  
Band w id th s  and f re q u e n c ie s  of th e se  modes a re  l i s t e d  in  T able 6*2, 
w h ile  F ig .  6.1 c o n t r a s t s  th e  f a r  i . r .  s p e c tr a  of ty p ic a l  f lu o r id e  
and c h lo r id e  com plexes, and shows th e  po tassium  isom orph o f th e  
f lu o r id e  f o r  com parison. The a ty o ic a l  behav iour of (NH ),ZnClr- 
re g a rd in g  th e  l a t t i c e  and com bination  bands i s  p robab ly  due to  
th e  p resen ce  of f r e e  c h lo r id e  io n s  in  th i s  com plex.1^  S in c e , 
w ith  t h i s  e x c e p tio n , th e  b roaden ing  of the  l a t t i c e  bands was 
observed on ly  f o r  th e  complex ammonium f lu o r id e s  i t  cannot be 
a t t r ib u t e d  to  a  d is p e rs io n  e f f e c t  in  th e  powdered sam ples.
T h e re fo re  in  accord  w ith  th e  p re d ic t io n  of Wagner and H o rn ig ,^  
o r ie n ta t io n a l  d is o rd e r in g  of th e  ammonium io n s  caused by hydrogen 
bonding i s  r e s p o n s ib le  fo r  th e  b re a d th  o f th e  l a t t i c e  modes.
I t  shou ld  be p o in te d  out th a t  th e  mechanisms o f b roaden ing  
o p e ra tin g  on th e  N-H s t r e t c h in g  v ib r a t io n s  and th e  l a t t i c e  
modes a re  b a s ic a l ly  d i f f e r e n t .  A lthough op in ion  i s  d iv id e d  
on th e  ex ac t cause  of th e  fo rm er, s tro n g  anharm onicity  of th e  
N-H bond p ro b ab ly  p la y s  an im portan t p a r t  in  th e  b roaden ing  
p r o c e s s ,1^ w hereas i t  i s  th e  breakdown of s e le c t io n  r u le s
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400 cm
F ig u re  6 .1 :  F a r - i . r .  t r a n s m is s io n  s p e c t r a  o f  (a )  KgTiFg,
(b ) (HH4 ) 2T iF 6 and (o ) (H H ^)gPtC lg.
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r e s u l t i n g  from  d is o rd e r  in  the  l a t t i c e  induced by hydrogen 
bonding w hich i s  re s p o n s ib le  f o r  th e  b roaden ing  o f th e  l a t t i c e  
bands.
The s t r u c t u r a l  c r i t e r i a  used  in  th e  d e te c t io n  of hydrogen 
bonding r e q u ir e  comment a t t h i s  p o in t .  W addington^ put forw ard 
th e  id e a  th a t  hydrogen bonding in  ammonium complexes m a n ife s ts  
i t s e l f  in  a  s t r u c tu r e  d i f f e r in g  from  th a t  of th e  p o tassium  and 
rub id ium  ana lo g u es; w h ile  by im p lic a tio n  i t  i s  l i k e ly  to  be 
weak o r ab sen t where th e se  a re  isom orphous. The co n firm a tio n  
o f hydrogen bonding in  a  number o f complexes w hich have po tassium
o r rub id ium  isom orphs, e. g. (N H ^ )^ iF ^ ^  in d ic a te s  th e  u n r e l i a b i l i t y
o f t h i s  r u le .  I f  th e  p resen ce  o f to r s io n a l  com bination bands
in  th e  i . r .  s p e c t r a  i s  accep ted  as ev idence fo r  hydrogen bonding,
th e n  th e  number of ex ce p tio n s  to  th e  r u le  becomes so g re a t as to  
l im i t  i t s  a p p l i c a b i l i t y  to  th o se  complexes w hich a re  not i s o -  
s t r u c t u r a l  w ith  t h e i r  a l k a l i  m eta l ana logues, which do not form
16a  la rg e  p ro p o r tio n  of th o se  s tu d ie d . I t  has a ls o  been proposed 
th a t  hydrogen bonding i s  accompanied by a la rg e  decrease  in  th e  
u n it  c e l l  volume, as re v e a le d  by com parison of th e  u n it  c e l l  
d im ensions o f co rresp o n d in g  rubid ium  and ammonium com plexes. 
However, la rg e  c o n tra c tio n s  a re  observed only in  a  few system s, 
and some in  w hich l i t t l e  or no c o n tra c tio n  i s  found have s in c e  
been shown in  t h i s  and o th e r  w o rk ^  to  be hydrogen bonded.
C onclusions
I n  summary, th e re  a re  th r e e  ways in  which hydrogen bonding 
in  complex ammonium h a l id e s  can be d e te c te d  by i . r .  sp ec tro sco p y .
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These a re :
( i )  by the  p resen ce  of bands a r i s in g  from  th e  com bination  of 
th e  l i b r a t i o n a l  mode w ith  th e  bending modes of th e  ammonium
io n . Because of th e  p o s s i b i l i t y  of confusion  w ith  V + l a t t i c e
4
mode com bination  bands, id e n t i f i c a t i o n  of th e  to r s io n a l  com binations
i s  f a c i l i t a t e d  by th e  o b se rv a tio n  of b o th  + \4  and + v4f4 o 2 6
( i i )  by th e  b road en in g  of th e  l a t t i c e  bands in  th e  f a r  i . r .  re g io n ,
( i i i )  from  th e  frequency  of th e  ammonium io n . In  those  
com plexes in  which hydrogen bonding i s  d e te c te d  u s in g  c r i t e r i a  ( i )
and ( i i ) ,  th e  freq u en cy  o f i s  found to  occur above 1400 cm“^ .
4
E x p erim en ta l
Those com plexes w hich were not com m ercially  a v a i la b le  were 
p rep a red  by s ta n d a rd  l i t e r a t u r e  p ro ced u re s . S p e c tra  were 
reco rd ed  on sam ples d isp e rse d  in  f lu o ro lu b e  and nu^ol m ulls f o r  
th e  re g io n  4000 -  400 cm , and in  p o ly e th y le n e  d is c s  f o r  th e  
f a r  i . r .  re g io n .
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C hap ter 7« Cyanide Complexes
7*1: I n tro d u c t io n
By v i r t u e  of th e  more complex e le c t r o n ic  s t r u c tu r e  w ith in  th e  
cyan ide  l ig a n d  as compared to  c h lo r id e , f o r  in s ta n c e ,  th e  v ib r a t io n a l  
s p e c t r a  o f cyano-com plexes a re  capab le  o f r e v e a l in g  more ch em ica lly  
u s e fu l  in fo rm a tio n  re g a rd in g  bond s t r e n g th s ,  e le c t r o n ic  d i s t r i b u t io n s  
e t c ,  th an  can u s u a l ly  be e x tra c te d  from  th e  s p e c t r a  of h a lo g e n o m e ta lla te s . 
As i n  th e  case  of th e  c lo s e ly  r e la te d  ca rb o n y ls , a  l i s t  o f f a i r l y  sim ple 
r u le s  govern ing  th e  v ib r a t io n a l  behav iour of cyano-com plexes can be 
drawn up.  ^ Gaps i n  the  u n d ers tan d in g  of the  s p e c tr a  of th e se  system s 
rem ain , however, as ex em p lified  by th e  c o n tro v e rsy  su rro u n d in g  th e  
assignm ent of th e  M-C s t r e t c h in g  and M-C-N bending modes in  th e  o c ta ­
h e d ra l h ex acy an o m eta lla te s . The a p p l ic a t io n  of f a r  i . r .  s in g le  c r t s t a l  
te ch n iq u es  to  t h i s  problem  w i l l  be d iscu ssed  in  S e c tio n  7.3*
Sane of th e  complexes d e a l t  'with h ere  are  of i n t e r e s t  from  a  
b a s ic a l ly  s t r u c t u r a l  v iew p o in t. The m olecu la r s o l id  ^ (C N )^  has a  
un ique and in t e r e s t in g  te tr a g o n a l  s t r u c tu r e ,^  w h ile  KgM^CN)^ complexes 
(M = Hg,Zn) p ro v id e  examples among th e  cyan ides of th e  s p in e l  s t r u c tu r e ,^  
w hich  i s  w idely  adopted by c e r t a in  o x ides, su lp h id e s , e tc .
In  th e  p a s t ,  assignm ent of th e  v ib r a t io n s  o f sp e c ie s  su c h .a s  
M(CN)g" was f a c i l i t a t e d  by  i s o la t in g  them f o r  sp e c tro sc o p ic  examin -  
a t io n  in  a  sim ple environm ent, e .g .  as a  dopant in  an a lk a l i - h a l id e  
m a tr ix .^  Because of th e  s e n s i t i v i t y  of G-N s t r e t c h in g  v ib r a t io n s  
to  sm all changes of environm ent, and th e  improved u n d ers tan d in g  of 
th e  s p e c t r a  of h ex acy an o m eta lla tes , t h i s  tech n iq u e  can a ls o  be employed 
to  p ro v id e  d e ta i le d  in fo rm a tio n  reg a rd in g  th e  s t r u c tu r e  of th e  host 
l a t t i c e  in  th e  v i c in i t y  of th e  doped io n s , as w i l l  be shown l a t e r .
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7 .2 : Hg(CN)z and Kj l(CN)^ (M = Hg,Zn)
Hg(CN) y  T h is compound c r y s t a l l i s e s  in  th e  te tr a g o n a l  space 
group I 42d e ig h t m olecules in  the  c r y s ta l lo g ra p h ic  u n it
c e l l ,  or fo u r  p er p r im it iv e  u n i t  c e l l . ^  I t  i s  made up of n o n - l in e a r  
Hg(CN)2  m olecu les o f approxim ate C2v sym netry, w ith  Hg-C-N an g les  o f
o o
173 and a  C-Hg-C ang le  o f 171. The i s o la te d  m olecule would have 
n in e  fundam ental modes o f v ib r a t io n :  th e  sym m etric u p  and asymmetric.
(B^) s t r e t c h in g  modes of th e  C-N and Hg-C bonds, , A^, B^  and B2 
Hg-C-N bending modes and an A^  C-Hg-C bend. These m o lecu la r modes 
a re  c o r r e la te d  w ith  th e  m olecu lar modes in  T ab le 7 .1 , and a  com plete
f a c t o r  group a n a ly s is  i s  g iven  in  T ab le 7 .2 .
The i . r .  spectrum  of th e  s o l id  has been in v e s t ig a te d  by J o n e s ,^
who observed on ly  th r e e  fundam entals of what he consid ered  to  be an
ap p rox im ate ly  l i n e a r  m olecu le , bu t was ab le  to  e s tim a te  th e  f re q u e n c ie s  
o f th e  o th e rs  from com bination bands. Two bands a t 2192 and 276 cm””' 
have been observed in  th e  Raman spectrum ^ of th e  s o l id ,  and fo u r  in  
th a t  o f an aqueous s o lu tio n . 7
The i . r .  and Raman f re q u e n c ie s  of Hg(CN)2  observed in  th e  p re se n t 
work a re  g iven  in  T able 7 .3 ,  to g e th e r  w ith  approxim ate d e s c r ip t io n s  
and th e  f re q u e n c ie s  of J o n e s . T h e s e  re p re s e n t u n p o la rise d  d a ta ,  a p a r t 
from  th e  i . r .  bands below 200 cm””' .  (A lthough p o la r is e d  i . r .  s p e c tr a  
w ere reco rd ed  up to  400 cm”"', th e  bands a t around 330 cm” ”' were to o  
weak to  be observed by r e f le c ta n c e .)  The r e f le c ta n c e  spectrum  w ith  
th e  in c id e n t  r a d ia t io n  p o la r is e d  p a r a l l e l  to  th e  c a x is  o f th e  c r y s ta l s  
gave a  s tro n g , broad B2 band a t about 105 cm” "'. The E mode spectrum  
c o n s is te d  of two sh arp  peaks a t  112 and 62 cm”*'.
I t  can be seen  from  Table 7 .3  th a t  a  number of co in c id en c es  of 
i . r .  and Raman bands occur, as would be expected  in  a non-cen trosym m etric  
system . A nother e f f e c t  of th e  absence of a c e n tre  o f symmetry in
T ab le  7.
T ab le  7 ,
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1: C o r re la t io n  diagram  f o r  s o l id  Hg(CN)2.
L in e a r  D is to r te d  S i t e
m olecu le  m olecule
D,
2 1
g
I *u
2 7Tu
-*• r o ta t io n
4B
U nit
c e l l
D2d
5 ^
U o
5Si
4B,
9E
2: F a c to r  group a n a ly s is  of Hg(CN)2  (space group D ^ )
A1 A2 B1 B2 B
H 7 8 7 8 15
Ta 1 1
T 1 2 1 2 3
R 1 2 1 2 3
N. 5
i
4 5 4 9
A c tiv i ty : Raman A1 * B1, B2, B
i . r . B2 ( z) , E(x,y)
T ab le  7*
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5: V ib ra t io n a l  f re q u e n c ie s  (cm ) of s o l id  Hg(CN)2.
5P re s e n t  work A c t iv i ty  Assignm ent Jones
2196 R
337 i . r .  S  (HgCN)
283 E
l a t t i c e
modes
2193.5 
2192
2193 i . r .  n)(CN)
2189 i . r .
440 i .  r .
432 R 442
V(HgC)
410 R & i . r .  415
398 R
368 i . r .
342 R
341 
27 6
271 R
112 i . r . ( E )  S(CHgC) 100
105 R & i . r .  (B2)
84 R
62 R & i . r .  (E)
48 R
33 R
R -  Raman
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m o lecu la r c r y s t a l s ,  where s h o r t- ra n g e  a n is o tro p ic  in t e r a c t io n s  a re  
l i k e l y  to  be more im portan t than  lo n g -ran g e  e l e c t r o s t a t i c  fo rc e s  in  
d e te rm in in g  th e  b eh av io u r of th e  v ib r a t io n s ,  i s  th a t  c e r t a in  Raman 
bands ( th e  Bg and E modes) could  have fre q u e n c ie s  anywhere between 
th o se  o f t h e i r  tr a n s v e r s e  and lo n g i tu d in a l  com ponents, depending on 
the. s c a t t e r in g  geom etry.®  T his could le a d  to  s h i f t s  in  s in g le ­
c r y s ta l  bands, or b roaden ing  of powder bands, n e i th e r  of w hich was 
observed in  th e  s p e c tr a  reco rd ed , which cou ld  be accounted f o r  by 
th e  weakness o f th e  v ib r a t io n s  invo lved  g iv in g  very  sm all t r a n s v e r s e -  
lo n g i tu d in a l  s p l i t t i n g .
Of th e  th r e e  modes observed a t around 2200 cm"^, th e  band a t  
2196 cm in  th e  Raman spectrum  can be a ss ig n ed  to  th e  sym m etric 
G-N s t r e t c h in g  mode, w h ile  th e  two i . r .  bands a re  p robab ly  b o th  
c o r r e l a t i o n  components o f th e  asym m etric s t r e t c h .
I n  th e  Hg-C s t r e t c h in g  re g io n  a  t o t a l  of fo u r bands a re  observed , 
w h ile  in  th e  Hg-C-N bending re g io n  th e re  a re  f iv e .  The ran g es  over 
which b o th  o f th e se  s e t s  of bands a re  sp read  a re  g re a te r  th an  would 
be expected  fo r  a  l i n e a r  d ic y a n id e f  and must be due m ain ly  to  d i s t ­
o r t io n  from  l i n e a r i t y  of th e  Hg(CN)2  m o lecu les. The d iv is io n  
between the  two groups i s  not very  d e f in i t e ,  but i t  seems re a so n a b le  
to  in c lu d e  th e  268 cm band in  the low er group. T his be ing  th e  
c a se , group th e o ry  alone does no t d is t in g u is h  between th e  Hg-C s t r e tc h in g  
and Hg-C-N bending  modes, s in c e  a  t o t a l  of f iv e  modes should  be 
observed f o r  fo rm er, and double th a t  number f o r  th e  l a t t e r .
The C-Hg-C bending modes and l a t t i c e  v ib r a t io n s  to g e th e r  form  
a  s e r ie s  o f bands ex ten d in g  below 120 cm“ ^ . I t  i s  d i f f i c u l t  to  
d i f f e r e n t i a t e  between th e  in t e r n a l  and l a t t i c e  modes in  th e  Raman 
spectrum , bu t th e  p o la r is e d  i . r .  d a ta  a llow  a  t e n ta t i v e  assignm ent 
to  be made. I t  fo llo w s from  th e  c o r r e la t io n  diagram  of T ab le 7.1
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th a t  th e  C-Hg-C bending  mode should  have one component of E symmetry 
and none o f The E mode spectrum  has only  two bands, a t  112 and
62 cm“ ^ . S in ce  the  h ig h e r of th e se  i s  c lo se  to  th e  c a lc u la te d  
freq u en cy  o f J o n e s , 5 p t i s  l i k e ly  th a t  t h i s  i s  th e  bending mode.
The o th e r  two low frequency  i . r ,  bands may be e i th e r  t r a n s l a to r y  l a t t i c e  
modes or l i b r a t i o n a l  modes of th e  Hg(GN)2 m olecu les, which can have 
a  h igh  in t e n s i t y  in  such  s y s te m s .^
The above assignm ents o f f e r  only approxim ate d e s c r ip t io n s  o f th e  
modes in v o lv e d , s in c e  co n s id e ra b le  m ixing must ta k e  p la c e  between th e  
low freq u en cy  in t e r n a l  and l a t t i c e  modes. The same w i l l  be t ru e  o f 
th e  Hg-C s t r e t c h in g  and Hg-C-N bending  modes, some of w hich a re  c lo se  
enough in  frequency  to  in t e r a c t  s ig n i f i c a n t ly .
The number o f bands observed in  th e  s p e c tr a  of s o l id  Hg(CN)2  
cannot be ad eq u a te ly  ex p la in ed  by the  s i t e  group app rox im ation , w hich 
i s  o f te n  a p p lic a b le  in  m o lecu la r system s. A lthough by no means a l l  
o f th e  p re d ic te d  f a c to r  group s p l i t t i n g  i s  e v id e n t, i t  i s  obvious 
t h a t ,  f o r  some o f th e  modes a t  l e a s t ,  c o r r e la t io n  co u p lin g  between 
m o lecu les i s  f a i r l y  s tro n g  -  f o r  th e  Hg-C s t r e tc h in g  modes i t  must 
amount to  a t l e a s t  12 cm“^ . T h is would appear to  confirm  H v o sle f’s 
su g g e s tio n  th a t  th e re  i s  seme form  of a s s o c ia t io n  between a d jacen t
Hg(CN)2  m o le c u le s .^
KqM(CN)^ (M = H g.Z n): These complexes adopt th e  s p in e l  s t r u c tu r e
w ith  th e  cub ic  space group Fd3m (o£) (Z = 8) in  w hich th e  te t r a h e d r a l  
M(CN)^“ io n s  occupy T^ s i t e s . ^  The only i . r .  a c t iv e  c r y s ta l  modes 
o f th e  an ion  a re  o f F^u symmetry, and d e r iv e  from the  ?2  m° J es of 
th e  i s o la te d  io n . (These a ls o  produce a s e t  o f F2g c r y s ta l  modes 
by c o r r e l a t io n  s p l i t t i n g ,  each s i t e  group mode being  s p l i t  in to  two, 
no t e ig h t as s ta t e d  by Jo n es , s in ce  th e  p r im itiv e  u n it  c e l l  i s  b i -  
m o le c u la r .) There a re  fo u r  F2 v ib r a t io n s  of th e  T^ io n , th e se  be ing
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th e  asym m etric s t r e t c h e s  and bends o f th e  C-N and M-C bonds. In
a d d i t io n  to  th e se , two t r a n s la to r y  l a t t i c e  modes a re  p re d ic te d .
*11Jo n es has re p o r te d  th e  i . r .  s p e c tr a  of th e se  complexes above 
300 cm'*^, and th e  Raman s p e c tr a  have a ls o  been reco rded ,7> 12  
low frequency  modes have not p re v io u s ly  been observed d i r e c t l y .  
The i . r .  r e f le c ta n c e  s p e c t r a  of and Kj^ZnCCN)^ were
A
reco rd ed  from  20-400 cm” , and th e  powder tra n sm iss io n  s p e c tr a  in  th e  
m i d - i . r .  re g io n . The observed fre q u e n c ie s  a re  l i s t e d  in  T ab le  7.4* 
The two l a t t i c e  bands in  each were observed above 100 cm”^ , w hich i s  
f a i r l y  h ig h  f o r  modes in v o lv in g  d isp lacem en ts  of th e  an io n s, as 
in d ic a te d  by th e  anion-dependence of th e  f re q u e n c ie s . The C-M-C 
bending mode expected  below 100 cm“^  cou ld  not be re so lv e d  in  e i th e r  
complex.
T ab le  7 .4 :  I . r .  s p e c tr a  o f th e  cu b ic  K ^ C N )^  complexes (fre q u e n c ie s
“*1 \m  cm ; .
K2Zn(CN)4 K2Hg(CN)4 Assignment
2155 2145 -J(CN) (n>5)
359 328 0 {m )  (>>6)
313 234 S(MCN) (V? )
157 141 I l a t t i c e
130 120 J modes
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7 .5 : K3M(CN) g (M = Fe,Co)
The v ib r a t io n a l  s p e c tr a  of hexacyano-com plexes of t r a n s i t i o n
m e ta ls  have aroused  co n s id e ra b le  i n t e r e s t ,  and th e  Raman and i . r .
s p e c t r a  o f complexes such as K^M(CN)^ (M = Cr, Mn, F e , Co, Rh, Re, I r )
and K^M(CN)3H20 (M = F e , Hup Os  ^ V) have been e x te n s iv e ly  s tu d ie d .^3-19
A part from  th e  s in g le - c r y s t a l  i . r .  tra n sm is s io n  spectrum  o f K^Co(CN)^
(300-5000 cm ^  s in g le - c r y s t a l  Raman s tu d ie s  o f C h a d w ic k ,^
19and Deveze and Krauzman, a l l .s p e c t r a  re p o r te d  p r io r  to  th e  p re s e n t 
work were reco rd ed  u sin g  s o lu tio n s  or powdered s o l id s ,  w hich showed 
l i t t l e  of th e  p re d ic te d  s o l id  s t a t e  s p l i t t i n g .  More r e c e n t ly ,  a  
s in g le - c r y s t a l  Raman s tu d y  o f K^Fe(GN)^ has been c a r r ie d  out by Adams
on
and Hooper.
O pinion rem ains d iv id ed  over th e  assignm ent of th e  M-C s t r e t c h in g
and M-C-N bending  modes in  th e se  com plexes. Nakagawa and Shimanouchi
re c o rd e d  the  powder i . r .  s p e c tr a  of some h ex acyanom eta lla tes  ( i l l )  a t
l i q u id  n itro g e n  tem p era tu re , and , , on  th e  b a s is  o f th e  f i f t e e n  bands
observed  above 40 cm"^, c a r r ie d  out a  normal co o rd in a te  a n a ly s is  which
showed th e  M-C s t r e t c h in g  frequency  to  be above th a t  of th e  M-C-N
b a n d s .^  T his c o n tra d ic ts  th e  e a r l i e r  assignm ent of Jo n e s . ^
In  th i s  s e c t io n ,  the  i . r .  s p e c tr a  of K,Fe(CN)^ and K,Co(CN)^b o j  6
in  th e  re g io n  40-400 cm-1 a re  examined using  p o la r is e d  s in g le - c r y s t a l  
r e f le c ta n c e  te c h n iq u e s . T his allow s th e  p a t te r n  of f a c to r  group 
s p l i t t i n g  of th e  low frequency  modes to  be c l e a r ly  e s ta b l is h e d ,  and 
throw s some l i g h t  on the  problem  of the  d isp u te d  assignm en ts . A lso  
d isc u sse d  a re  th e  a b so rp tio n  s p e c tr a  o f th e  powdered s o l id s  and th e  
s in g le - c r y s t a l  tra n sm iss io n  spectrum  of K^Fe(CN)g in  the  re g io n  400^*
3000 cnf^ »
K^FefCN)^: Barkhatov and Zhanov2  ^ have re p o r te d  th a t  K^Fe(CH)^
has a  m onoclin ic  u n it  c e l l  w ith  space group P 2 ,j/c  (C ^ )a n d  two m olecu les
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p e r u n i t  c e l l .  The f a c to r  group a n a l y s i s ^  based on th i s  space 
group p r e d ic ts  a  t o t a l  o f f i f ty -o n e  modes co rresp o n d in g  to  v ib ­
r a t io n s  of th e . Fe(CN)g an ions in  th e  c r y s t a l ,  w hich a re  g iven  
by th e  r e p re s e n ta t io n
i n t e r n a l  = 1 8 Au +  1 8 B u  7 ’ 1
These i n t e r n a l  modes of th e  Fe(CN)^- an io n s, where each iro n
atom i s  s i tu a te d  on a s i t e  of Ch symmetry, may be c o r r e la te d  w ith  
th e  normal modes o f the  is o la te d  0^ anion as shown in  Table 7 .5 a ,
The rem ain ing  modes of v ib r a t io n  are  t r a n s la to r y  l a t t i c e  modes, 
g iven  by th e  r e p re s e n ta t io n  7 .2  and a re  v ib ra t io n s  o f th e  p o t­
assium  c a t io n s  a g a in s t th e  Fe(CN)^" an io n s,
^ l a t t i c e  = ^ u  + 7 .2
R e s u lts :  The i . r ,  r e f le c ta n c e  s p e c tra  of s in g le  c r y s ta l s
K^Fe(CN)^ from  40-400 cm”  ^ a re  shown in  F ig , 7 .1 .  The observed
fre q u e n c ie s  and th o se  c a lc u la te d  from a normal c o o rd in a te  a n a ly s is
by Nakagawa and S h im anouch i^  a re  l i s t e d  in  T able 7 .6 ,  to g e th e r
w ith  assignm en ts , in  which th e  co n v en tio n a l numbering of th e  m o d es^
i s  used .
In  a  m onoclin ic  u n it  c e l l ,  th e  v ib r a t io n s  o f symmetry a re
p o la r i s e d  in  th e  ac c ry s ta l lo g ra p h ic  p la n e . The modes were
o b ta in ed  by choosing  o rthogonal c r y s ta l  d i r e c t io n s  in  th e  ac p la n e  
w hich showed th e  g re a te s t  d if f e re n c e  in  s p e c t r a l  f e a tu re s  on re c o rd ­
in g  th e  r e f le c ta n c e  s p e c tr a  w ith  th e  e l e c t r i c  v e c to r  o f th e  in c id e n t 
r a d ia t io n  p a r a l l e l  to  th e se  d i r e c t io n s ;  th e se  s p e c tr a  a re  shown in
F ig s .  7 .1 a  and b. Only one band a t 169 cm“  ^ was common to  b o th  
s p e c tr a ,  and no c r y s ta l  d i r e c t io n  in  th e  ac p lane  could  be found where 
t h i s  band was reduced to  zero  in t e n s i ty .  T his in d ic a te s  th a t  th e re  
a re  two v ib r a t io n s  o f Bu symmetry o ccu rrin g  a t 169 cm" •
V ib ra tio n s  of Au symmetry a re  p o la r is e d  along th e  c r y s ta l lo g ra p h ic
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T ab le  7*5: C o r re la t io n  diagram s f o r  th e  m onoclin ic  and orthorhom bic
K^M(CN)g s t r u c tu r e s .
(a )  K3Fe(OK)g -  c £ h (Z 
Ion
= 2)
S i t e
C.
Unit, c e l l  
C2h
18^  ( i . r . -  z)
18B^ ( i .  r .  -  x ,y )
(b.) K^Co(CN)^ (orthorhcnibic form) -  (Z = k)
Io n
0
S i t e
C
U n it  c e l l  
D2h
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r*
E l b  a x is
R
E \\ b a x is
400 cm
E ig lire^7 .u i*  G R eflectaficS  s p e c t r a  o f K^Fe(GN) g a t  room te m p e ra tu re  
( s o l i d  l i n e )  and 105K (dashed  l i n e ) .
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b a x is  o f th e  m onoclin ic  u n it c e l l .  The r e f le c ta n c e  spectrum  of 
th e  Au modes shown i& P ig , 7 .1 c  was reco rd ed  by a l ig n in g  th e  b a x is  
p a r a l l e l  to  th e  e l e c t r i c  v e c to r  o f th e  in c id e n t r a d ia t io n .
The r e f le c ta n c e  s p e c tr a  of th e  th re e  c r y s ta l  o r ie n ta t io n s  of 
K-^Pe(CN)^ were reco rd ed  a t  105 K, w hich r e s u l te d  in  th e  r e s o lu t io n  
of c e r t a in  sh o u ld e rs , and s h i f t s  o f n e a r ly  a l l  of the  bands to  
h ig h e r  freq u en cy  (3 -1 2  cm“^ )  r e l a t i v e  to  th e  room tem p era tu re  s p e c tr a .
T h is  s h i f t  to  h ig h e r frequency  a t low tem p era tu re  has been noted 
p r e v io u s ly ^  and r e s u l t s  from a  c o n tra c tio n  of th e  u n it  c e l l  c au s in g  
s tro n g e r  in te r a c t io n  between atoms and io n s  in  th e  c r y s ta l .
Above 400 cm fundam ental fre q u e n c ie s  were ob ta in ed  from  th e  
a b s o rp tio n  spectrum  o f powdered K^Pe(CN)^ d isp e rse d  in  KBr, and h a rd ly  
any s p l i t t i n g  of bands was observed. However, s p l i t t i n g  o f th e  CN 
s t r e t c h in g  mode (Vg) d id  occur and the  assignm ent o f th e  two components 
was made on th e  b a s is  of r e s u l t s  obta ined  from  s in g le  c r y s ta l  t r a n s ­
m iss io n  s p e c tr a .  A lthough th e  c r y s ta s l  used were too  th ic k  f o r  th e  
f re q u e n c ie s  of the  fundam ental modes to  be reco rd ed , a number o f combin­
a t io n  and is o to p e  bands were observed and t h e i r  f re q u e n c ie s  and assignm ents 
a re  geven in  T able 7 .7 . Two iso to p e  bands, each c o n s is t in g  of a 
d o u b le t, co rresp o n d in g  to  th e  and CN15 s t r e tc h in g  modes were
observed when th e  d i r e c t io n  of in c id e n t i . r .  r a d ia t io n  was perpen­
d ic u la r  to  th e  c ry s ta l lo g ra p h ic  b -a x is .  However, when th e  d i r e c t io n  
o f in c id e n t r a d ia t io n  was p a r a l l e l  to  th e  b - a x is ,  th e  h igh  frequency  
component o f each doub le t was not observed, in d ic a t in g  th a t  i t  has 
symmetry. By analogy w ith  th e se  iso to p e  bands th e  h ig h  and low 
frequency  components o f a re  t e n ta t i v e ly  assigned  to  A^ and 
modes r e s p e c t iv e ly .
In  a l l ,  tw e n ty -fiv e  o f th e  p re d ic te d  th i r ty - tw o  bands in  th e  
re g io n  40-400 cm-1 were observed, in d ic a t in g  th a t  in t e r a c t io n  between
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T able 7 .7 : Com bination and iso to p e  bands in  th e  i . r .
of K^Fe(CN)g.
/  - 1 XFrequency (cm ) Assignment
2635 0  + n>7
2510a V ^  V '
2M-9S 0  + \>12
2220 \>g+ L
2205 0g+ I>2
2180 Og+ L ,
2093 0(^15
2089 0 cn15
2°73  ^ n>cU n
2068 0 q 1 3j j
1375 
1225
1100
895 ^ 2 * ^ 7
795 ^ 2+
spec tru m
12
a  s h o u ld e r ;  L = l a t t i c e  mode
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th e  two m olecu les in  th e  u n it  c e l l  i s  s tro n g  enough to  cause alm ost 
com plete f a c to r  group s p l i t t i n g  in  th i s  region# In  view  o f th e  
c lo se n e ss  in  frequency  of many of th e  bands i t  i s  not s u r p r is in g  
th a t  p rev io u s  s tu d ie s  u s in g  ab so rp tio n  te ch n iq u es  on powdered sam ples 
f a i l e d  to  show more th a n  tw elve bands in  th i s  re g io n .
K^ C o ( C N ) I t  has been e s ta b lis h e d ^ ^  th a t  K^Go(CN)^ i s  p o ly ty p ic ,  
w ith  m on o c lin ic  and orthorhom bic m o d if ic a tio n s . The m onoclin ic  
form  i s  i s o s t r u c t u r a l  w ith  K ^Fe(C N )g,^  w h ile  th e  orthorhom bic form 
has space  group P n ca  (Drjjjj) w ith  fo u r m olecules p e r  u n i t  c e l l .  S in ce  
i t  was im p o ss ib le  to  d i s t in g u is h  between th e  m onoclin ic  and orthorhom bic 
s t r u c tu r e s  u s in g  c r y s ta l  morphology or b ir e f r in g e n c e , th e  s t r u c tu r e  
of th e  c r y s t a l s  used in  th e  p re se n t s tu d y  was deduced from  a  c o n s id e r­
a t io n  of th e  bands observed in  th e  CN s t r e tc h in g  re g io n .
I f  an orthorhom bic s t r u c tu r e  i s  adopted in  which th e  Co(CN)^" 
an ions occupy a s i t e  o f C£ symmetry, then  each Raman a c t iv e  mode of 
th e  i s o la te d  o c ta h e d ra l Co(CN)^“ anion w i l l  have an i . r .  a c t iv e  
component under the  c r y s ta l  symmetry as shown in  T able 7 .5 b . F u r th e r ­
more, s in c e  th e re  a re  fo u r m olecules in  th e  orthorhom bic u n i t  c e l l ,  
e ig h t bands should  be observed in  th e  CN s t r e tc h in g  re g io n  (21 60- 
2120 cm“^) g iven  by th e  r e p re s e n ta t io n  7 .3  co rresp o n d in g  to  th e  i . r .
HcN = ^ 1 u  + ^®2u +■ 7 .3
a c t iv e  components o f and
R e s u lts :  The i . r .  a b so rp tio n  spectrum  of a  powdered c r y s ta l  of
K^Co(CN)g in  th e  CN s t r e tc h in g  re g io n  was found to  be id e n t i c a l ,  a p a r t 
from  fre q u e n c ie s  of th e  observed bands, to  th a t  o f K^Fe(CN)^. S in ce  
no a d d i t io n a l  bands or asymmetry o f th e  main a b so rp tio n  bands were 
observed , i t  was assumed th a t  th e  m onoclin ic form o f K^Co(CN)^ had 
been i s o la te d ,  and accord ing ly^  T able 7 .8  p res.en ts  .. th e  reco rded  
f re q u e n c ie s  and assignm ents to  Au and Bu symmetry s p e c ie s . The
159
assignm ent o f th e  observed bands i s  based on th a t  a lre a d y  r e p o r t e d ^  
f o r  K^Fe(GN.)^. Above 400 cm“  ^ only e ig h t bands were observed , 
co rresp o n d in g  to  th e  CN, C1^N, CN1^  CoC s t r e tc h in g  and CoCN bend­
in g  modes. The f re q u e n c ie s  of th e se  bands agree w e ll w ith  th o se  
o b ta in ed  from  s in g le  c r y s ta l  tra n sm iss io n  s p e c tr a  re p o rte d  by Jo n e s . ^  
As w ith  K^Fe(CN)£ th e  only f a c to r  group s p l i t t i n g  observed was in  
th e  CN s t r e t c h in g  re g io n . The p o la r is e d  i . r .  r e f le c ta n c e  s p e c t r a  
in  th e  re g io n  40-400 cm"^ of th re e  o rth o g o n a l c r y s ta l  o r ie n ta t io n s  
( th e s e  were th e  same as f o r  K^Fe(CN)g) were very  s im i la r  to  th o se  
of K^Fe(CN)^, w hich gave f u r th e r  j u s t i f i c a t i o n  fo r  th e  assum ption 
th a t  th e  c r y s ta l s  used had th e  m onoclin ic s t r u c tu r e .  In  g e n e ra l 
th e  f re q u e n c ie s  ob ta ined  f o r  K^Co(CN)^ were some 5 cm"  ^ to  10 cmT^
h ig h e r than  th o se  fo r  K^Fe(GN)^ except in  th e  case of th e  MCN bend-
—1in g  mode where th e  d if fe re n c e  was 25 cm 1.
On re c o rd in g  the s p e c tr a  (4O-4OO cm”^) a t  105 K th e  fre q u e n c ie s  
o f th e  observed bands showed th e  expected s h i f t s  to  h ig h e r freq u en cy .
D isc u ss io n
Comparison of the  observed fre q u e n c ie s  in  Table 7*6 w ith  th o se
c a lc u la te d  by Nakagawa and Shim anouchi1 ^ shows e x c e lle n t agreement
betw een th e  two, e s p e c ia l ly  in  the  reg io n  40-400 cm“^ . On th e
o th e r  hand, th e re  i s  poor agreement w ith  th o se  c a lc u la te d  on th e
b a s is  of th e  a l t e r n a t iv e  assignm ent of th e  M-C s t r e tc h in g  and M-C-N
17bending modes proposed by J o n e s .1' The p re se n t work th e re fo re  
s tro n g ly  fav o u rs  th e  assignm ent of th e se  modes suggested  by Nakagawa 
and Shim anouchi. The e x ten s io n  of th e  s in g le - c r y s ta l  s tudy  of
Of)K-jFe(CN)^ to  th e  Raman s p e c tr a  by Adams and Hooper‘S  len d s  f u r th e r  
su p p o rt to  t h i s  view , and Hancock and T h o rn to n ^  re g a rd  th i s  assi-|p®89kt 
as b e in g  more com patib le  w ith  the observed t r a n s i t io n  m e ta l dependence
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of th e  f re q u e n c ie s . However, in  re c e n t work on h ex acy an o co b a lta te  
sy stem s, Jones has re a ff irm e d  h is  e a r l i e r  a s s ig n m e n t^  a lth o u g h  h is  
c a lc u la te d  normal c o o rd in a te s  confirm  th a t  th e  two modes a re  th o ro u g h ly  
mixed, w ith  only  a  s l ig h t  p reponderance of M-C s t r e t c h in g  o r M-C-Ii 
bend ing  c h a ra c te r .  I t  may be, th en , th a t  th e  two views a re  not in  
f a c t  as f a r  removed from  each o th e r  as they  might seem a lth o u g h  th e  
b a lan ce  appears to  be in  favour o f th e  d e s c r ip t io n  proposed by 
Nakagawa and Shim anouchi.
7 .4 :  H exacyanom etalla te  Ions in  a  KC1 L a t t i c e
O ctah ed ra l hexacyanomet a l l a t e  ions such as Fe(CN)^“ and 
Co(CN )|" a re  r e a d i ly  in c o rp o ra te d  in  KC1 m a tr ic e s , r e p la c in g  a  
p o ta ss iu m  ion  and i t s  s ix  su rround ing  c h lo r id e  io n s . The r e s u l t a n t  
ch arg e  im balance i s  c a n c e lle d  by v acan c ies  a t po tass ium  ion  s i t e s ,  
which; w i l l  be c lo se  to  th e  c e n tre  of excess p o s i t iv e  charge in  
o rd e r  to  m inim ise e l e c t r o s t a t i c  in te r a c t io n s .  The p ro x im ity  o f th e se  
l a t t i c e  v a c a n c ie s  v / i l l  in  g en e ra l reduce th e  e f f e c t iv e  symmetry of 
th e  doped hexacyano-anion , which should  be r e f le c te d  in  th e  com plex ity  
o f th e  i . r .  spectrum  in  th e  C-N s t r e tc h in g  re g io n . The s p e c tr a  of 
Co(CN)^” and Fe(CN)^“ s u b s t i tu t io n a l ly  doped in  KC1 have been examined
i px
u s in g  th i s  method by J o n e s ,^  and Root and Symons. T h is  work i s  
now re p e a te d  f o r  Fe(CN)^", Fe(CN)g” and Co(CN)|“ p re se n t to  th e  e x te n t 
o f 0 .1 -0 .0 0 1 $  in  a KC1 m a trix .
The i . r .  s p e c tr a  of doped c r y s ta l s  show a  complex 
p a t te r n  o f bands in  th e  C-Ni s t r e tc h in g  re g io n , th e  fre q u e n c ie s  o f 
w hich a re  l i s t e d  in  Table 7 .9 . A t o t a l  o f seven teen  bands was 
observed , compared to  te n  re p o rte d  by Root and Symons, a lth o u g h  no t 
a l l  o f th e se  were p re se n t in  any one spectrum . O bservation  of th e  
w eaker bands depended to  some e x te n t on th e  co n d itio n s  of p re p a ra t io n
T ab le 7 .9s 'J (CN) bands of Fe(GN)^ doped in  KOI.
Frequency R e la tiv e  Environm ent C
(cm ) in t e n s i t y
2085.0 0-1 ° s
2078.5 6 CM
O
2064.4 2-3 cs
2061.1 0-3 C2v ^
2058.1 34 ° 2v ^ )
2052.9 2-4 Cs
2050.5 0-4 ° 2v(2)
2 047.5 20
2041.5 0-3 C-z or 3v
2033.4 sh Cs
2032.3' 85
C 2 V ( 1 )
2029.2 s h Cs
2028,2 100 °2V(1)
2011.6 1-2 -
2005.5 1-2 -
1992.5 1-2 -
1990.4 1-2
%v
s h  -  s h o u ld e r
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of the  m a tr ix , and some v a r ia t io n s  in  th e  r e l a t i v e  i n t e n s i t i e s  of 
th e  bands took  p la c e , a id in g  th e  id e n t i f i c a t i o n  o f groups o f bands 
a r i s i n g  from  th e  Fe(CN)^j~ ion  in  a  p a r t i c u la r  environm ent. S in ce  
a  maximum of s ix  C-N s t r e tc h in g  modes would be expected  fo r  th e  
complex io n , w ith  a l l  d eg en e rac ie s  removed and every  mode i . r .  a c t iv e ,  
i t  i s  obvious th a t  th e  ions in c o rp o ra te d  in  th e  l a t t i c e  must occupy 
a  number of d i f f e r e n t  types  of s i t e .
The Fe(CN)^T io n , having re p la c e d  a  KC1^“ u n i t ,  re q u ire s  th e  
fo rm atio n  o f one vacancy a t a  po tass iu m  ion  s i t e  to  n e u t r a l i s e  i t s  
ex cess  charge . As has been m entioned, e l e c t r o s t a t i c  fo rc e s  d i c t a t e  
th a t  th i s  vacancy should  be c lo se  to  th e  hexacyano-ion . The c lo s e s t  
p o s s ib le  p o s i t io n  i s  one ad jacen t to  th e  iro n  atom, between neighbouring  
cyan ide  groups. T h is would reduce th e  symmetry of th e  0^ io n  to  C ^ .  
T here a re  tw elve  such p o s i t io n s ,  a t th e  edges of th e  cube c o n ta in in g  
th e  hexacyano-ion . I f  th e  la y e r  of ions im m ediately o u ts id e  t h i s  
cube i s  co n s id e re d , th e re  a re  fo u r  more p o s s ib le  s e t s  of s i t e s  f o r  
th e  po tass iu m  ion  vacancy, th e  one a t the  c o rn e rs  of th e  en la rg ed  
cube, f o r  in s ta n c e ,  g iv in g  a lo c a l  symmetry of f o r  the  complex 
io n . T here i s  a ls o  a s e t  of C ^  s i t e s  among th i s  group, which w i l l  
be d e s ig n a te d  0 ^ ( 2 )  to  d is t in g u is h  them from  th o se  a lre ad y  d e sc r ib e d . 
The v a r io u s  p o s s ib le  sym m etries, w ith  th e  number of each type  and th e  
s e le c t io n  r u le s  governing th e  C-N s t r e tc h in g  modes a re  g iven in  
T ab le  7*10.
The g e n e ra l f e a tu r e s  of th e  s p e c tr a  of th e  doped l a t t i c e s  b ea r 
a  s t r i k i n g  resem blance to  th a t  o f K^FeCCN^.if^O. The bands observed 
in  th e  spectrum  of th i s  complex, recorded  as a  XBr d is c ,  a re  l i s t e d  
in  T able 7 .1 1 . I t  should  be noted th a t  most of th e se  bands a re  in  
f a c t  due to  a  dehydra ted  form of the c o m p le x ,w h o s e  fo rm atio n  
d u rin g  sample p re p a ra t io n  i s  v e ry  d i f f i c u l t  to  avo id . T his was not
T ab le  7 .1 0 ; P o s s ib le  s i t e s  f o r  Fe(CN)g”  io n s  aoped in  B31•
S i t e No. o f equ iv­ ^  (CN) modes
symmetry a le n t  s i t e s
°h ( f r e e  io n ) W E ( v jg y 1uv 6'
V b 12 A1 v  b i A1+ B1+ B2
c
S 24 A ' a'  + a" 2Pi! + a "
C 2 v <2 > 12 A i V  B1 V B1+ ^
°3t 8 Ai s A1+ E
CifV 6 A i V B1a A1+ E
a  i . r .  in a c t iv e
re c o g n ise d  in  p rev io u s  i . r .  s tu d ie s .  In  wet d is c s ,  o r n u jo l  m u lls ,
th e  th re e  low er frequency  Vg bands become more in te n s e  th a n  th e  o th e rs ,
so  th e se  may be due to  th e  t r ih y d r a te .
By com parison w ith  th e  spectrum  of K^FeCCN^.xj^O, th o se  o f th e
dooed KGL l a t t i c e s  can be d iv id ed  in to  fo u r  re g io n s . The V. and s).
' j
modes o f th e  Fe(GN)^1” io n s  f a l l  in  the ran g es  above 2070 cm**1 and
2070^-2040 cm“1 r e s p e c t iv e ly ,  w h ile  the s tro n g  Vg bands a re  found from
2035-2025 cm“ 1 . The band a t  2041.5 cm*-1 cannot be c o n f id e n tly
a ss ig n ed  to  e i th e r  or n^ .  Below 2025 cm” 1, a number of G-N iso to p e
bands are  observed . I t  i s  reaso n ab le  to  a ss ig n  th e  s tro n g e s t  bands
in  each  o f th e  th re e  main groups to  th e  0 ^ ( 1 )  io n . A ll o f th e
p re d ic te d  v ib r a t io n s  of th i s  io n  are  observed , except f o r  one component
of v4. Two o th e r  s e ts  can be id e n t i f i e d  from  v a r ia t io n s  in  r e l a t i v e  6
i n t e n s i t y ,  bo th  having two bands in  th e  ^  region* These must
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th e re fo re  in d ic a te  0 ^ ( 2 )  and Cs environm ents. T ab le  7 .1 0  shows 
t h a t ,  s t a t i s t i c a l l y  Cg s i t e s  should  be tw ice as numerous as 0 2 ,( 2 ) .  
so  th e  s tro n g e r  s e t  of bands i s  p robab ly  due to  th e  fo rm er. T h is  
le a v e s  one unassigned  band a t 2041.5 cm”1 , which cou ld  be a  v ib r a t io n  
o f e i th e r  th e  or C^v hexacyano-ions.
In  p re p a r in g  th e  doped c r y s ta l s  f o r  t h i s  s tu d y , every e f f o r t  
was made to  remove w ater in c o rp o ra te d  in  th e  l a t t i c e  d u rin g  c r y s t a l l i s ­
a t io n ,  bu t t r a c e s  of hydroxyl io n s  and w ate r rem ained. P ro g re s s iv e  
rem oval o f th e  w a te r  a t f i r s t  caused some sm all i n t e n s i ty  changes in
T ab le  7.11 J ^  (CN) bands in  th e  i . r .  spectrum  of K^Fe(CN)g.xH20
(fre q u e n c ie s  in  cm ^ ) .
2092 m
2072 ms
2061 ms
2048.5 vs
2042.5 sh
2041 vs
2030 .5a sh
2029a s
2020a s
2019 w
2014 w
2004 w
2001 w
> ^(CN 15) 
' >J(C13N)
a  th e se  bands a re  p robab ly  due to  th e  t r ih y d r a te
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th e  s p e c tr a ,  p a r t i c u la r ly  in  the  Vg re g io n , w h ile  th e  l a t e r  s ta g e s  
of d eh y d ra tio n  appeared to  have l i t t l e  e f f e c t .  I f  im p u r it ie s  
rem ain  in  th e  v i c i n i t y  of the  hexacyano-ions, i t  would seem th a t  
th e  rep lacem ent of c h lo rid e  by hydroxyl or the occu p a tio n  of 
v aca ted  po tassium  ion  s i t e s  by w ate r m olecules does not a p p re c ia b ly  
a f f e c t  th e  p o te n t ia l  f i e l d .
The p re s e n t work th e re fo re  in t e r p r e t s  th e  13 n o n - iso to p ic  C-N 
s t r e t c h in g  bands observed in  th e  i . r .  s p e c tr a  of doped KC1 c r y s ta l s  
as ev idence fo r  a t l e a s t  fo u r d i s t i n c t  environm ents of th e  Fe(CN)^!“ 
io n s  in  th e  l a t t i c e .  The most common of th e se  i s  of symmetry, 
w ith  a  l a t t i c e  vacancy im m ediately ad jacen t to  th e  hexacyano-ion . 
A rrangem ents in  which the vacancy occupies a s i t e  in  th e  next n e a re s t  
zone to  the  complex an ion  a ls o  occur to  a  l e s s e r  e x te n t .
Co(GN)^”  and Fe(CN)^~: The i . r .  s p e c tr a  of KC1 c r y s ta l s  ,
doped w ith  Co(CN)^"* a t v a r io u s  d i lu t io n s  c o n s is te n t ly  show s ix  C-N 
s t r e t c h in g  bands, th re e  of which have been observed p re v io u s ly  
by Jones.^" A f te r  p re p a ra t io n  of c r y s ta l s  c o n ta in in g  Fe(C N )|“ , i t  . 
was found th a t most of th i s  had been reduced  to  Fe(GN)^"“, a  p ro cess  
w hich cou ld  be a c c e le ra te d  by u .v . i r r a d i a t i o n  o f the  c r y s ta l s .
The r e s u l t in g  s p e c tr a  were of p o o re r q u a l i ty  than  fo r  th e  c o b a l ta te  
io n . The fre q u e n c ie s  and r e l a t i v e  i n t e n s i t i e s  of th e  bands observed 
in  b o th  system s a re  given in  T able 7 .1 2 .
N e u tr a l is a t io n  of th e  excess charge on th e  hexacyanom eta lla te  ( i l l )  
io n s  re q u ir e s  two v acan c ies  in  the l a t t i c e ,  Assuming th e se  to  be 
as c lo se  to  th e  complex io n  as p o s s ib le ,  th e  lo c a l  symmetry can be 
e i th e r  D£h> ^2v» ^2 or Cs ,depending  on th e  exac t arrangem ent of th e  
v a c a n c ie s . The f i r s t  of th e se  would g ive th re e  i . r .  a c t iv e  components 
of w h ile  th e  o th e rs  would allow  a l l  s ix  non-degenera te  C-N 
s t r e t c h in g  mode to  become i . r .  a c t iv e . Jones re g a rd s  the
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T able 7*12: 'O(CN) bands of M(CN)^” io n s  doped in  KC1.
Fe(CN) g” Co(CN)^”
Frequency R e la tiv e Frequency R e la t iv e
(cm""1) in te n s i ty (cm” 1) in t e n s i t y
2023 5 2131.3 7
2017 10 2127.2 15
2109.8 65 2119.4 100
2112.0 50
2102.6 100 2110.6 75
2098.8 60 2109 .2 90
environm ent a s  most p robab le  on e l e c t r o s t a t i c  grounds, and b ases  
h is  assignm ents on th i s  arrangem ent.
The t r u e  s i tu a t io n  i s  e v id e n tly  r a th e r  more complex. From 
t h e i r  i n t e n s i t i e s ,  the  fo u r  bands below 2120 cm in  th e  c o b a l ta te  - 
must be components of T hree of th e se  a re  p ro b ab ly  modes,
w h ile  th e  fo u r th  forms p a r t  of a  s e t  from  one of th e  o th e r environm ents. 
The bands a t 2127.2 and 2131.3 cm"^, one of which was ass ig n ed  to  
by Jo n es , a re  p robab ly  th e  components of t h i s  s e t .  The spectrum  
of Fe(CN )|~ shows a s im ila r  p a t te r n .
7 ,5 i  E xperim en tal
C ry s ta ls  of Hg(CN)2  and th e  cy an o m eta lla tes  were grown by slow  
e v a p o ra tio n  o f aqueous s o lu tio n s  of the  pure  m a te r ia l ,  or o f th e  
c o n s t i tu e n t  cyan ides in  th e  case o f th e  te tracy an o -co m p lex es. . The 
c r y s ta l s  o f Hg(CN)2  were prism s e longated  along th e  c a x is ,  and 
th o se  of th e  K ^ C N )^  complexes were i r r e g u l a r  o c tah ed ra .
KjFe(CN)^ grew from s o lu tio n  as r a th e r  i r r e g u la r  c r y s ta l s  w hich
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f r e q u e n t ly  d isp la y e d  w e ll developed diamond-shaped face s  w ith  an
O
acu te  a p ic a l  angle, of 78# These la rg e  fa c e s  were th e re fo re  (100) 
p la n e s . T h is e s ta b l is h e d  th e  axes of th e  c r y s ta l ,  a p a r t  from  th e  
am biguity  concern ing  th e  d i r e c t io n  o f the  a a x is ,  which l i e s  along  
one of two p o s s ib le  d i r e c t io n s ,  a lth o u g h  th i s  i s  un im portan t f o r  th e  
pu rposes of th e  p re se n t work. Prom the  i n t e r f a c i a l  an g les, th e  b 
a x is  l i e s  along th e  b is e c to r  of th e  acu te  a p ic a l  angle of th e  (100) 
fa c e , as v e r i f i e d  by th e  e x t in c t io n  p o s i t io n s  of th e  c r y s ta l s  in  
p la n e  p o la r is e d  l i g h t .  A lthough some c r y s ta l s  d id  have sm all (010) 
f a c e s ,  i t  was u s u a lly  n ece ssa ry  to  p rep a re  th e se  fa c e s  by g r in d in g  
and p o lis h in g  in  o rder to  observe a l l  th e  v ib r a t io n s  p o la r i s e d  in  
th e  ac p la n e .
The c r y s ta l s  of K^Co(CN)^ grew as th in  diam ond-shaped p la te s .
a
A gain th e  a cu te  a p ic a l ang le  of th e  la rg e  fa c e s  was 78. However, 
c r y s ta l  morphology does not d is t in g u is h  between th e  re p o r te d  mono­
c l i n i c  and orthorhom bic f o r s  o f K^Co(CN)^, s in c e  th e  observed 
i n t e r f a c i a l  ang les ag ree , w ith in  th e  l im i t s  of accuracy , w ith  th o se  - 
p re d ic te d  from e i th e r  s t r u c tu r e .  I f  th e  c r y s ta l s  a re  m onoclin ic , 
th e n  th e  d i r e c t io n s  of th e  c ry s ta l lo g ra p h ic  ax is  w i l l  be id e n t ic a l  
to  th o se  of K^Pe(CN)^. However, i f  the  c r y s ta l s  are  orthorhom bic, 
th e  la rg e  fa c e s  could be e i th e r  (100) or (001) p la n e s , s o t th a t  a lthough  
th e  d i r e c t io n s  of th e  c ry s ta l lo g ra p h ic  a x is  can be determ ined , th ey  
cannot be id e n t i f i e d  as th e  a, b , or c axes. The p re p a ra t io n  o f a  
ground f a c e , as f o r  K^Pe(CN)g, was n ece ssa ry  to  o b ta in  a l l  th e  bands 
in  th e  spectrum .
C ry s ta ls  of KC1 doped w ith  hexacyanomet a l l a t e  io n s  were p rep ared  
from  aqueous s o lu tio n s  w ith  KC1:M(CN)|“ m olar r a t i o s  of 1 :1 ,0 0 0  to  
1 :100 ,000 . Some of th e se  were la rg e  enough to  perm it d i r e c t  t r a n s ­
m ission  m easurem ents, b u t th e  c r y s ta l s  could be ground up f o r  d ry ing
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and p re sse d  in to  a  d is c  w ithou t a f f e c t in g  the  s p e c tr a ,  
c r y s ta l s  were d r ie d  by evacu a tin g  f o r  long  p e rio d s  a t 
of about 100C.
The
tem per a t lire
16?
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C hap ter 8: G eneral E xperim ental Methods
8 .1 : C ry s ta l  G-rowth
The s in g le  c r y s ta l s  used in  th e  p re se n t work were p rep a red  e i th e r  
from  m elts o r from s o lu t io n s .  M elt growth tech n iq u es  o ffe re d  th e  only  
means of p re p a rin g  some of th e  complex h a l id e s ,  w h ile  co n v e rse ly , c e r t a in  
s a l t s  d id  not e x is t  in  th e  m olten phase, and c r y s t a l l i s e d  only  from  
s o lu t io n .  In  g e n e ra l,  m elt growth had th e  advantage o f p roducing  
la r g e  c r y s ta l s  o f v e ry  high p u r i ty ,  bu t re q u ire d  e la b o ra te  p re p a ra t io n s ,  
w h ile  c r y s t a l l i s a t i o n  from  s o lu t io n  provided  an e a s ie r  method f o r  th e  
m a jo r ity  of com plexes.
M elt grow th te c h n iq u e s : A number of co n g ru en tly  m e ltin g  complex
h a l id e s  were grown by th e  S to ck b arg e r method^ from  fused  s to ic h e io m e tr ic  
m ix tu res  of th e  anhydrous c o n s ti tu e n t  h a l id e s .  T h is , in  e ssen ce , 
in v o lv e s  low ering  a c ru c ib le  c o n ta in in g  the m olten m a te r ia l  s low ly  th rough  
a  s te e p  tem pera tu re  g ra d ie n t,  from  th e  hot in to  th e  coo l zone. P ro v id ed  
th a t  th e  m e ltin g  p o in t of th e  compound l i e s  w ith in  th e  tem p era tu re  
d i f f e r e n t i a l ,  t h i s  induces g rad u a l c r y s t a l l i s a t i o n  upwards th rough  the  
m e lt.
The type of fu rnace  used in  t h i s  method c o n s is te d  of a  s i l i c a  
tube  about 60 cm long  and 7 cm in s id e  d iam ete r, wound w ith  r e s is ta n c e  
w ire  and th e rm a lly  in s u la te d  oy an e f f i c i e n t  lag g in g  m a te r ia l  con ta ined  
in  an a sb e s to s  ca s in g . The w indings of th e  s i l i c a  co re  were d iv id ed  
in t o  two h a lv e s , connected in  s e r i e s ,  which gave a  h ig h e r tem pera tu re  
in  th e  upper s e c tio n . The th ic k n e sse s ;o f  r e s is ta n c e  w ire  used , and th e  
sp ac in g  of th e  w indings were such th a t  a t ty p ic a l  o p e ra tin g  te m p e ra tu re s , 
a  v e r t i c a l  tem pera tu re  g ra d ie n t of about 2°/mm was g en era ted  over th e  
c e n t r a l  re g io n  of th e  c o re . The fu rn aces  were capab le  of m a in ta in in g  
te m p era tu res  in  excess of 1000 C fo r  p r s t r a c te d  p e r io d s .
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C h lo rid e  m elts  were enclosed  in  s i l i c a  or g la s s  tu b e s , depending 
on th e  m e ltin g  p o in t ,  w h ile  fo r  f lu o r id e s ,  g ra p h ite  o r platinum:.", 
c ru c ib le s  in  se a le d  p la tin iu m  tubes  were. used.
A number of obvious s te p s  were n ece ssa ry  to  ach iev e  optimum 
r e s u l t s  by t h i s  method. F i r s t l y ,  th e  s t a r t i n g  m a te r ia ls  had to  be o f 
a  h ig h  p u r i ty ,  s in c e  contam inants tended  to  i n t e r f e r e  w ith  unifo rm  
c r y s t a l l i s a t i o n ,  and a lso  to  avoid th e  b u ild -u p  of ex p lo s iv e  p re s s u re s  
w ith in  th e  se a le d  tu b es  a t h igh  tem pera tu re  due to  th e  p resence  of 
v o l a t i l e s  such as m o is tu re . P u r i ty  was insu red  in  th e  f i r s t  in s ta n c e  
by u s in g  "O ptran11 grade re a g e n ts  o r sublim ed m a te r ia ls  w herever p o s s ib le ,  
and v o l a t i l e s  were removed by prolonged evacu a tio n  of th e  c ru c ib le s  a t  
e le v a te d  tem p era tu res  p r io r  to  s e a l in g .  Where n e c e ssa ry , h an d lin g  of 
th e  s t a r t i n g  m a te r ia ls  was c a r r ie d  out in  a  m o is tu re -f re e  in e r t  atm osphere 
box. O ther p o s s ib le  p i t f a l l s  in  th e  method are  m u ltip le  n u c le a tio n  
a t  th e  bottom  of th e  c ru c ib le ,  and uneven growth caused by f lu c tu a t io n s  
in  te m p era tu re . These were avoided by using  c ru c ib le s  w ith  cone-shaped 
ends in  which n u c le a tio n  tak es  p la c e  a t th e  apex, and by e f f i c i e n t  tem per­
a tu re  c o n tro l .  The power supply  to  th e  fu rn ace  was re g u la te d  by a S k i l  
o r West p ro p o r tio n a l tem pera tu re  c o n t r o l le r ,  which a u to m a tic a lly  m onitored 
th e  temper a t u re  a t th e  c e n tre  of th e  fu rn ace  th rough  a P i/P t-R h  o r 
chrom el/a lum el therm ocouple. This achieved therm al s t a b i l i t y  w ith in  £1*
Having se a le d  th e  s t a r t i n g  m a te r ia ls  in  an evacuated  crucifei©.j 'the 
th e  g e n e ra l p rocedure  ran  as fo llo w s: th e  tem pera tu re  of th e  fu rn ace  was
s e t  so th a t  th e  upper and low er h a lv es  were above and below th e  m e ltin g  
p o in t o f th e  s a l t  to  be p repared  ( in fo rm a tio n  on m e ltin g  p o in ts ,  e tc .  
was ob ta ined  from  p u b lished  phase d iag ram s). S ta r t in g  a t  a  p o in t above 
th e  c e n t r a l  zone, the c ru c ib le  was low ered th rough tem p era tu re  g ra d ie n t 
a t  th e  r a t e  of 2 .5  mn/hr. Subsequent co o lin g  to  room tem p era tu re  was 
c a r r ie d  out slow ly  to  avoid s t r a in in g  the  c r y s ta l .  The whole o p e ra tio n
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took  3 -4  days.
The dim ensions of ty p ic a l  c r y s ta l s  grown by t h i s  method were 
( 2 x 2 x 3) cm^, a lth o u g h  a h ig h  p ro p o rtio n  of su ccesse s  was a t ta in e d  
only  w ith  c e r t a in  types of compound. S tru c tu re s  c o n ta in in g  some form  
of c ro s s - l in k e d  l a t t i c e  appeared to  be more amenable than th o se  made 
up of d i s c r e t e  io n s  -  CsCoCl^ could be grown w ith  com parative ea se , 
w h ile  a ttem p ts  to  p rep a re  c r y s ta l s  of Cs2CoCl^ and Cs^CoCl^ met w ith  
l im ite d  su c c e ss .
A nother means of o b ta in in g  c r y s ta l s  of c e r ta in  m a te r ia ls  i s  by 
th e  f lu x  method, which was employed here  only  in  th e  case o f KgCciF^*
T h is  invo lv ed  co o lin g  a m olten equim olar m ix ture of KC1 and C0F2 in- a  
p la tin u m  c ru c ib le .  A fu rn ace  o f the  type d escrib ed  above was used , 
bu t in s te a d  of low ering  th e  c ru c ib le  in to  the  cool zone, t h i s  was kep t
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s ta t io n a r y  and th e  tem pera tu re  low ered from  900 C to  500 C a t th e  r a t e
o f 3 / h r ,  and th en  a t 2 0 ° /h r  to  room tem p era tu re . By analogy w ith
os im i la r  methods used to  p rep a re  AMP  ^ complexes, th e  fo rm ation  of 
KpCoP^ i s  expected  in  the  m e lt, acco rd ing  to  th e  r e a c tio n :
2KC1 + 2 CoP2 -* KpCoB^ + CoClg
T h is  was in  f a c t  found to  ta k e  p la c e , and th e  c r y s ta l s  o f K^CdF^ could  
be removed from th e  CoClp f lu x  e i th e r  m echan ica lly  or by d is s o lv in g  
away th e  c h lo r id e  m a trix . Some sm all equ id im ensional c r y s ta l s  of KC0F3 
w hich were a lso  p re se n t were e a s i ly  d is t in g u is h a b le  from  the  t e t r a f lu o r i d e  
p la t e s .  The l a t t e r  had edge le n g th s  of up to  3 mm*
C r y s ta l l i s a t io n  from  s o lu t io n : A la rg e  number of c r y s ta l s  could
be grown sim ply by d is s o lv in g  the  a p p ro p ria te  m a te r ia ls  in  w ate r or 
some o th e r  so lv e n t and allow ing  th e  s o lu tio n  to  ev apo ra te  s low ly  in  a  
d u s t - f r e e  atm osphere. Most complex h a lid e s  formed co n g ru sn tly  s a tu ra te d  
s o lu t io n s  from  s to ic h e io m e tr ic  amounts of the  a p p ro p ria te  a l k a l i  m etal 
and t r a n s i t i o n  m etal h a l id e s .  For in c o n g ru e n lly  s a tu r a t in g  complexes,
th e  c o r re c t  molar r a t i o s  were found in  th e  l i t e r a t u r e  or by t r i a l  and 
e r r o r .  Slow co o lin g  o f s a tu ra te d  s o lu tio n s  in  sea le d  c o n ta in e rs  
o ffe re d  an a l te r n a t iv e  method of c r y s t a l l i s a t i o n  f o r  some com plexes.
A slow , even r a t e  of co o lin g  was m ain tained  by immersing th e  c o n ta in e r  
in  a  la rg e  heated  w ater b a th , whose tem p era tu re  was re g u la te d  by 
c o n t ro l l in g  th e  power supp ly  to  the h e a te r .  The q u a l i ty ,  s iz e  and 
morphology of th e  c r y s ta l s  ob ta ined  by bo th  th e se  methods v a r ie d  
c o n s id e ra b le . A m ajor d isadvan tage  was th a t  th e  c r y s ta l s  were 
g e n e ra l ly  l e s s  homogeneous, due to  th e  p resence  of o cc lu sio n s  and 
g ro ss  d e f e c ts ,  th a n  th o se  grown by th e  S to ck b arg e r method, w hich le d  
to  g r e a t ly  in c re a se d  background s c a t te r in g  in  th e  Raman s p e c tr a .
D e sp ite  th e se  shortcom ings of th e  bu lk  c r y s ta l s ,  th e  fa c e s  were m ostly  
o f s u i ta b le  q u a l i ty ,  though not always of s u f f ic ie n t  s iz e ,  f o r  i . r .  
r e f le c ta n c e  m easurem ents. A f u r th e r  d i f f i c u l t y  was th a t  some c r y s ta l s  
developed p r e f e r e n t i a l l y  along  c e r t a in  d ir e c t io n s  g iv in g  p la te s  or rods  
so  th a t  even in  r e l a t i v e ly  la rg e  specim ens, one or two of th e  c r y s t a l l o -  
g ra p h ic  ax is  were p o o rly  re p re se n te d . A l te ra t io n  of th e  c o n d itio n s  of 
c r y s t a l l i s a t i o n  sometimes induced a  change of h a b i t ,  bu t in  most cases  
t h i s  s i tu a t io n  had to  be accep ted .
8 .2 : Sample P re p a ra t io n
Once c r y s ta l s  of s u i ta b le  s iz e  had been grown, i t  was n ece ssa ry  to  
check the com position  and s t r u c tu r e ,  determ ine th e  d i r e c t io n s  of th e  
c ry s ta l lo g ra p h ic  axes w ith in  th e  sam ple, and s e le c t  or p rep a re  convenient 
fa c e s  f o r  sp e c tro sc o p ic  exam ination .
In  confirm ing  the  com position of th e  c r y s ta l s ,  e lem en ta l a n a ly s is  
was employed only in  a  few s p e c ia l  c a se s , such as th e  KgCdE1^  p repared  
by th e  f lu x  method. Checks on co n g ru en tly  m e ltin g  sam ples gpown by th e  
S to ck b a rg e r method were not u su a lly  n ece ssa ry , s in c e  t h e i r  com position
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was determ ined  by th a t  of th e  m elt. For th e se  and so lu tio n -g ro w n  
c r y s t a l s ,  co n firm a tio n  of th e  a n t ic ip a te d  s t r u c tu r e  was g e n e ra lly  
tak en  as adequate p ro o f of com position . A rough e s tim a te  of th e  p u r i ty  
o f th e  sam ples cou ld  o f te n  be gauged from t h e i r  appearance and cohesion .
Measurement of th e  i n t e r f a c i a l  ang les and o b se rv a tio n  o f o p t ic a l  
b ire f r in g e n c e  of so lu tio n -g ro w n  c r y s ta l s  u s in g  a  r o ta t in g - s ta g e  p o la r i s ­
in g  m icroscope was norm ally  s u f f i c i e n t  to  e s ta b l i s h  t h e i r  s t r u c tu r e .  
M icroscopic exam ination  a lso  served  to  determ ine w hether sam ples were 
in  f a c t  m o n o c ry s ta llin e . C ry s ta ls  of unknown s t r u c tu r e  and th o se  
p rep a red  from  th e  m elt were examined by X -ray  d i f f r a c t io n  m ethods.
T h is  was n ece ssa ry  in  any case where th e  p o s s i b i l i t y  of polym orphic 
m o d if ic a tio n s  e x is te d .  Powder d i f f r a c t io n  p a t te rn s  were reco rded  in  a  
11 .46  cm D ebye-S cherrer X -ray cam era u s in g  N i - f i l t e r e d  CuK^ r a d ia t io n .  
S t ru c tu r e s  were determ ined by com parison w ith  th e  p a t te rn s  of r e fe re n c e  
sam ples.
The d i r e c t io n s  of th e  c ry s ta l lo g ra p h ic  axes in  th e  c r y s ta l s  were 
deduced from  th e  ang les between n a tu ra l  fa c e s  or in t e r s e c t in g  cleavage- 
p la n e s , and th e  o p t ic a l  e x t in c t io n  p o s i t io n s  between c ro ssed  p o la r i s e r s .
In  some c a se s , d ich ro ism  in  th e  i . r .  s p e c tr a  helped in  f ix in g  th e  a x e s , ; 
When th e se  had been found, s u i ta b le  fa c e s  could  be s e le c te d  f o r  s p e c tro ­
sco p ic  exam ination . A la rg e  p ro p o rtio n  occurred as w e ll developed 
n a tu ra l  fa c e s  or cleavage p la n e s , and no f u r th e r  p re p a ra t io n  was n ece ssa ry , 
bu t some which were e i th e r  too  sm all or absen t re q u ire d  g r in d in g  and 
p o l is h in g .  T his could be done m anually or on a  L og itech  PM2 p o lis h in g  
machine u s in g  a  s o ld e r  la p  and 1 diamond p a s te .
C ry s ta l s ia e  was r e l a t i v e l y  unim portant f o r  Raman sp ec tro sco p y , 
th e  em phasis being  on w e ll formed c r y s ta l s  of good o p t ic a l  q u a l i ty .
Three o rthogonal fa c e s  normal to  th e  p r in c ip a l  c ry s ta l lo g ra p h ic  d i r e c t io n s  
were n ece ssa ry  fo r  a co n p le te  s e t  o f p o la r i s a t io n  d a ta  in  u n ia x ia l  and
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b ia x ia l  system s u sing  90 s c a t t e r in g .  F o r p o la r is e d  i . r .  s p e c tr a  
th e  req u irem en t i s  th a t  each of th e  n o n -eq u iv a len t c ry s ta l lo g ra p h ic  
axes should  l i e  in  th e  p lan e  of one o f th e  f a c e s ,  so  th a t  only  one 
fa c e  was needed fo r  u n ia x ia l  system s, and two fo r  low er symmetry 
system s. The a re a  o f fa c e  re q u ire d  v a r ie d  acco rd ing  to  th e  s t r e n g th  
of th e  bands to  be observed. In  g e n e ra l,  a lth o u g h  re a so n a b le  r e s u l t s  
could  be ob ta ined  w ith  c r y s ta l s  m easuring as l i t t l e  as 2 mm a c ro ss , 
n o is e - f r e e  s p e c tr a  re q u ire d  face s  a t l e a s t  5 n1111 sq u a re , and p re fe ra b ly  
l a r g e r .
In  th e  case of sm all c r y s ta l s ,  or th o se  w ith  lo n g , narrow  fa c e s ,  
i t  was o f te n  p o s s ib le  to  in c re a se  the  e f f e c t iv e  sample a re a  by mounting 
a  number of c r y s ta l s  o f th e  same compound s id e  by s id e  on a  n o n - re f le c t in g  
s u p p o r t,  ta k in g  c a re  th a t  the  o r ie n ta t io n  was the  same f o r  each . T h is  
tech n iq u e  was p a r t i c u l a r ly  u s e fu l f o r  n e e d le - l ik e  u n ia x ia l  c r y s ta l s  
such  as th o se  o f C s^T ^C l^  and K r P ^ l^ .
8 . 3t S p e c tro sc o p ic  Techniques and In s tru m e n ta tio n
F a r - i . r .  r e g io n : S p e c tra  below 400 cm”"' were reco rded  on a
B eckm an-R .I.I.C . FS 720 F o u r ie r  sp ec tro p h o to m eter. The tra n s fo rm  of 
th e  in te r f e ro m e tr ie  output from  th i s  was perform ed by an FTC 100 analogue- 
d i g i t a l  com puter, and th e  s p e c tr a  p lo t te d  on a re c o rd in g  wave a n a ly se r .
The normal range  of th e  in s trum en t was 40-400 cm”^ , bu t th i s  was extended 
as f a r  as 10 cm"^ by in s e r t io n  of the  a p p ro p r ia te  th ic k n e ss  of M ylar 
b e a m -s p l i t te r  and s u i ta b le  f i l t e r .  Optimum re s o lu t io n  was 2 .5  cm , 
and s p e c tr a  were c a l ib r a te d  by a  s to re d  t e s t  fu n c tio n  g iv in g  a  re fe re n c e  
peak in  each range . In c o rp o ra te d  in  th e  spec tro p h o to m eter was an 
FS 7RF module f o r  near-norm al in c id en ce  r e f le c ta n c e  m easurem ents. The 
whole in s tru m en t was evacuated  du rin g  o p e ra tio n  to  remove w a te r vapour.
P o la r i s a t io n  of th e  r e f le c ta n c e  s p e c tr a  was achieved  u s in g  an
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A .I.M . w ire  g r id  r jo la r is e r .  Because of th e  p a r t i a l  p o la r i s a t io n  of 
th e  beam by th e  b e a m -s p l i t te r ,  the  b e s t  arrangem ent was found to  be one 
w ith  th e  e l e c t r i c  v e c to r  ax is  of the  p o la r i s e r  s e t  v e r t i c a l l y ,  and the  
c r y s ta l  sam ples o r ie n te d  acco rd in g ly . The sample h o ld e r could  be 
re p la c e d  by a  VTL 2 v a r ia b le  tem peratu re  c e l l  f o r  work a t l i q u id  n itro g e n  
tem p era tu re . H eating  o f th e  sample was a ls o  p o s s ib le .  The tem pera tu re  
was m onito red  by a co p p e r-co n s tan tan  therm ocouple c lo se  to  th e  sample 
p o s i t io n .
F o r powder tra n sm is s io n  s p e c tr a ,  5-20 mg of th e  ground m a te r ia l  was 
d is p e rs e d  in  a  wedged p o ly e th y le n e  (R ig idex  T50) d is c ,  which was p laced  
a t  a fo c a l  p lan e  in  the  beam, w ith  an alum in ised  m irro r  b lank  a t  th e  
norm al sample p o s i t io n  in  th e  r e f le c ta n c e  module.
M id - i . r .  r e g io n : F o r th i s  re g io n , P .E , 225 and 457 g ra t in g  s p e c tro ­
photom eters were used , g iv in g  ranges of 200- 5000' cm“  ^ and 250-4000 cm"^ 
r e s p e c t iv e ly .  The s p e c tr a  were c a l ib r a te d  u s in g  p o ly s ty re n e  f ilm s  o r, 
in  th e  2000 cm re g io n , by th e  r o ta t io n - v ib r a t io n  bands of carbon 
monoxide. F o r th e  FE 225, r e s o lu t io n  was b e t t e r  than  0 .4  cm” "'.
Samples were prepared  as e i th e r  a lk a l i  m etal h a lid e  d is c s  or m ulls 
in  a medium such as n u jo l or f lu o ro lu b e . For r e f le c ta n c e  measurem ents, 
W ilks model 12 double beam re f le c ta n c e  a ttach m en ts , s e t  in  th e  sp e c u la r  
r e f le c ta n c e  c o n f ig u ra tio n  and a P erk in -E lm er gold  w ire  g r id  p o la r i s e r  
were used .
Raman s p e c t r a : These were reco rded  on a Cary 81 spectro p h o to m eter
•vp.th a S p e c tra  P h y sice  He-Ne l a s e r  or on Coderg PHI and PH0 in s tru m e n ts , 
w ith  a cho ice  of e i th e r  the  He-Ne source or a Coherent R a d ia tio n  L td  Ar+ 
l a s e r ,  g iv in g  e x c i ta t io n s  a t  652*-8 nm and 488.0  nm r e s p e c t iv e ly ,  Wavenumber
O
r e p r o d u c ib i l i ty  and e f f e c t iv e  r e s o lu t io n  were bo th  about 1 cm . A 90 
s c a t t e r in g  geometry was norm ally  used.
I n te r p r e ta t io n  of i . r .  r e f le c ta n c e  s p e c tra :  Where c r y s ta l s  were of
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s u f f i c i e n t  s iz e  to  allow  a c c u ra te  measurement of ab so lu te  r e f l e c t i v i t y ,  
the  s p e c tr a  could  be analysed  u s in g  the K ram ers-K ronig r e la t io n s h ip  to  
g iv e  t ru e  o s c i l l a t o r  f re q u e n c ie s  (C hapter 3 ) .  F o r th e  sm a lle r  c r y s ta l s ,  
on ly  r e l a t i v e  v a lu es  were o b ta in ed , and fre q u e n c ie s  were tak en  d i r e c t l y  
from  re f le c ta n c e  maxima, o r from  powder tra n s m is s io n  s p e c tr a ,  u s in g  th e  
r e f le c ta n c e  bands f o r  assignm ents. In  a  few s p e c if ie d  ex c e p tio n s , such 
as th e  h ig h e s t frequency  mode in  th e  x -p o la r is e d  spectrum  of Rb^C ^C l^ 
(C hapter 2 .3 ) ,  v ib ra t io n s  were obv iously  a s s o c ia te d  w ith  in v e rs io n s  in  
th e  r e f l e c t i v i t y ,  and the  fre q u e n c ie s  were taken  from  th e  r e s u l t in g  
minima.
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